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ABSTRACT 
Short-chain organic acids, specifically a mixture of formic and propionic acids, 
are used to "disinfect" chicken feed. The antibacterial activity of formic and 
propionic acids was investigated in vitro using strains of salmonella 
(S. typhimurium, S. enteritidis, S. kedougou, S. virchow) and Escherichia coli K12. 
Cultures were grown in yeast extract supplemented minimal media buffered to 
pH 5. Solutions of acids were adjusted to pH 5 with NaOH and added to 
cultures in the ratio 1: 5 to give final concentrations of 5-700mM. 
As acid concentration increased, cell growth was increasingly inhibited, 
leading to growth stasis (50mM) and cell death (_100mM). Propionic acid was 
more active than formic acid. The response of salmonella and E. coli strains to 
formic and propionic acids were generally similar although individual sensitivity 
varied. Therefore, further in vitro studies used only E. coli K12 strains. 
High concentrations of formic (700mM) and propionic (500mM) acids 
caused cell death without disrupting the integrity of the cell since there was no 
significant increase in the release of cellular proteins into the supernatant 
during incubation with the test solutions, and transmission electron micrographs 
of E. coli cells showed that cell membranes remained intact. 
Sublethal concentrations of propionic (5mM) and formic (10mM) acids 
inhibited cell multiplication for 30min and 2h respectively. During the lag 
period, macromolecular synthesis i. e. protein, RNA, cell wall, lipid and DNA 
synthesis, was inhibited. DNA was most sensitive to the presence of either 
formic or propionic acid. The rates of macromolecular synthesis in cultures 
incubated with propionic acid did not recover during the experimental period 
(4h). However, the rates of RNA, protein, cell wall and lipid synthesis showed 
some recovery 2 to 3h after the addition of formic (10mM) acid. 
The sensitivity of DNA synthesis to formic and propionic acids was not 
the result of limitation of precursor or damage to the DNA molecule, since 1) 
mutants of E. coli deficient in DNA repair genes RecA56 (SOS response), Po1AI 
(DNA polymerase) or uvrA6 (excision repair) showed no increased sensitivity to 
the acids and 2) cells did not form filaments (an SOS response). 
An hypothesis for the mode of action of short-chain organic acids 
against Gram-negative bacteria has been proposed based on the ability of the 
acids to provide two inhibitory agents, the acid anion and proton. Briefly, the 
undissociated acid diffuses into the cell and dissociates into anion and proton 
according to the cytoplasmic pH. The proton acidifies the cytoplasm whilst the 
anion interferes with DNA. Three experiments were performed, the results of 
which supported the hypothesis. Firstly, it was demonstrated that a proportion 
of the propionic acid anion was not metabolised by the cell and capable of 
interacting with DNA. Secondly, the ATP level in formic (10mM) and 
propionic (5mM) acid treated cultures was lower than in controls. Thirdly, 
preliminary results indicated that cytoplasmic pH dropped by 0.11 and 0.19 pH 
units after the addition of, respectively, 5mM propionic and 10mM formic 
acid. 
In vivo studies of the disinfectant properties of organic acids in chicken 
feed used the commercial product Bio-add [BP (Chemicals) International, Ltd. ], 
which contained (% w/w) formic (68) and propionic (20) acids. Bio-add did not 
eliminate salmonella from dry chicken feed although chicks fed the treated feed 
did not become infected with S. kedougou. The antibacterial activity of Bio-add 
increased as the feed was hydrated and when the incubation temperature was 
raised from 21 to 370C. It was concluded that hydrated feed was analogous to a 
nutrient growth medium and that the hypothesis for the in vitro activity of 
organic acids also applied to the in vivo situation. 
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The incidence of human salmonellosis in England and Wales rose 66% during 
the years 1981 to 1986. Poultry meat was a major vehicle of these infections 
(Humphrey et a!. 1988) and occurred usually as a result of either handling 
contaminated carcasses before cooking (Linton et al. 1977) or eating 
inadequately cooked poultry (Noah 1975). Forty-two percent of all infections in 
the five years preceding 1986 were caused by Salmonella typhimurium, although 
the incidence of S. enteritidis also increased from 11 to 28%, part of an upward 
trend which signalled an epidemic of food poisoning incidents in humans 
(Humphrey et al. 1988). Recent events, notably the nationwide publicity from 
August 1988 surrounding contamination of eggs with S. enteritidis, indicates this 
upward trend is continuing. 
The main potential sources of flock infections are: 
1) contaminated feed, 
2) vertical transmission of bacteria from breeder flocks to meat birds via the 
hatchery and 
3) environmental vectors such as insects, birds, rodents and man (Smith 1971). 
Furthermore, cross-contamination is commonplace in slaughterhouses, which are 
built for speed (up to 200 birds per minute) and cost effective production 
(Humphrey et al. 1988) with the result that the incidence of carcass 
contamination exceeds that of infection in the live bird . (McBride et al. 1980). 
Feed is an important source of salmonellas for birds, particularly the 
animal protein fraction (Hinton & Linton 1988), The addition of short chain 
organic acids to poultry feed was shown (in trials) to prevent salmonella 
infection in chicks fed the treated diet, to protect against recontamination of 
the feed (Hinton & Linton 1988) and to reduce the isolations of salmonellas in 
commercial hatcheries (Humphrey & Lanning 1988). Other advantages of using 
these chemicals are that they are palatable to the chicks, undegraded in stored 
feed, and, since they are metabolised by the bird, they do not pose a residue 
problem. 
The antimicrobial activity of mineral and organic acids was recorded by 
Winslow & Lochridge as early as 1906 but the basis of their activity has not 
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been clearly established. The experimental work described in this thesis 
attempts to define the mode of action of formic and propionic acids against the 
salmonellas and the taxonomically related Escherichla coli. These investigations 
are accompanied by in vivo studies which examine the activity of the organic 
acids in feed. 
This general introduction provides a summary of the characteristics of: 
1) the salmonellas and salmonella infections in poultry, 
2) organic acid chemistry, 
3) the interaction of organic acids with the bacterial cell, 
4) potential cellular targets for acid action and 
5) current understanding of the antimicrobial properties of organic acids. 
1.2. SALMONELLA AND SALMONELLA INFECTIONS 
1.2.1. Salmonella 
Salmonellae are Gram-negative, rod-shaped, facultative anaerobes, often 
bearing fimbrae and motile by peritrichous flagella. The species concept in the 
genus Salmonella evolved on the basis of: 
1) clinical evidence, 
2) somatic and flagella antigens, 
3) biochemical properties and 
4) DNA homology studies. 
According to DNA hybridisation studies, the genus Salmonella consists of a 
single species (Crosa et al. 1973) with 5 subspecies (Le Minor 1984). The 
Approved Lists of Bacterial Names gives the type species of the genus 
Salmonella as S. choleraesuis. Since choleraesuis is also a serovar name, Le 
Minor & Popoff (1987) suggested a species name, which had not been used for 
an earlier serotype, should replace choleraesuis e. g. S. enterica. Despite these 
suggestions, salmonella isolations continue to be referred to in publications by 
the original nomenclature e. g. S. typhimurium, S. choleraesuis. In this thesis, since 
many of the papers referred to appeared before the Approved Lists of Names, 
the old-style nomenclature is used. 
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Salmonella are also grouped arbitrarily into host adapted and non-host 
adapted serovars. For all animal species, the non-host adapted serovars can be 
divided further into two unequal groups, 
a) the invasive serovars e. g. in poultry, S. enteritidis and S. typhimurium and 
b) the non-invasive serovars e. g. in poultry, S. kedougou and S. livingstone. 
1.2.2. Salmonella infections in chicken 
The incidence of the poultry adapted serovars which cause clinical illnesses e. g. 
S. gallinarum (Fowl typhoid) and S. pullorum (bacillary white diarrhoea or 
pullorum disease) is low (Wray 1985) as they have been virtually eradicated 
from flocks by slaughter of birds showing a positive blood antigen test 
(Humphrey et al. 1988). On the other hand, infection from non-host adapted 
strains is common although diagnosis is hampered by lack of clinical signs in 
infected birds. 
Chicks are more susceptible to salmonella infections than older birds and 
the probability of infection is enhanced by stresses such as poor sanitation, 
overcrowding and transportation. In particular, newly hatched chicks whose 
intestinal flora has not been established are prone to colonisation (Timoney et 
a!. 1988). Infection is almost always acquired orally and the salmonellas become 
localised in the caeca (Brownell et al. 1970; Fanelli et al. 1971, Xu et al. 1988). 
Feed is an important source of salmonellasfor birds. Two measures to 
control contamination of animal feed, the Diseases of Animals (Protein 
Processing) Order 1981 and Importation of Processed Animal Protein Order 
1981 were introduced in 1982. While these required animal proteins intended 
for incorporation into feedstuffs to be free from salmonellas, they did not 
prevent the use of salmonella-contaminated material and therefore did not 
restrict entry of the contaminated feed into the food chain (Humphrey et al. 
1988). A new Order has since been introduced i. e. the Processed Animal Protein 
Order 1989, together with Codes of Practice for producers of final feed for 
livestock. The Codes of Practice were prepared to provide "a comprehensive 
system, designed, documented, implemented and controlled so as to provide 
assurance that the raw materials will be consistently of a satisfactory 
bacteriological standard". The presence of salmonellasin the final feed must be 
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monitored and positive samples reported. Stocks of feed giving a positive result 
must then be decontaminated by undergoing "appropriate processing/treatment". 
The pelleting of feed involves the use of heat and this reduces salmonella 
contamination of animal feeds. However, coliforms can still be recovered from 
pelleted feed (Stott et at. 1975; Cox et al. 1983), and pelleted feed has been 
associated with the development of salmonella infections in broiler chickens 
(Hinton & Linton 1988). A second potential control measure involves the use of 
irradiation although on a large scale, such as for farm animal feed, it will be 
prohibitively expensive in relation to the value of the end product (Hinton & 
Bale 1989). However, neither heat treatment nor irradiation protects feed from 
recontamination during subsequent distribution and storage (Hinton & Linton 
1988). Chemical feed additives have been advocated to complement the 
reduction in salmonella numbers resulting from heat treatment of the pelleting 
process. A number of commercial preparations of short-chain organic acids, 
specifically mixtures of formic and propionic acids are currently available, e. g. 
Bio-add marketed by BP (Chemicals) International and Salcurb marketed by 
Kemin. 
Salmonella infections in poultry appear to be self-limiting (Linton et al. 
1985). During the infection salmonellasare shed in the faeces and consequently 
the infection can spread throughout the flock (Timoney et al. 1988). Birds may 
still be infected at the time of slaughter at 6 to 8 weeks of age and are a source 
f6r cross-contamination in the abattoir (Rampling et al. 1989) 0 which occurs 
as 
the carcasses pass through the scald tank (a hot water treatment designed to 
loosen feathers prior to plucking), from contact with plucking flails, during 
evisceration and from giblet packs (Dougherty 1974; Mulder et al. 1978; Adams 
& Mead 1983). Cross-contamination in the scald tank is aggravated by the use 
of low temperatures (<52°C; Humphrey et al. 1988). 
Since the summer of 1988, there has been an increase in the number of 
food poisoning incidences in Britain associated with S. enteritidis in eggs (Coyle 
et al. 1988; Anon 1989). Salmonella enteritidis is thought to migrate from the 
gut to the ovaries where it may become incorporated into the developing egg 
(Hopper & Mawer 1988; Lister 1988). Thus it is already present in the albumin 
or yolk when the egg is laid. However, infection of the gonads by S. enteritidis 
5 
is not confined to the female because this bacterium has been isolated from the 
testes of apparently healthy cockerels taken from an infected parent breeder 
flock (Bygrave & Gallagher 1989). 
1.3. ORGANIC ACIDS 
1.3.1. Nomenclature of organic acids 
Organic acids are distinguished from other acids by the functional carboxyl 
group -COOH to which an organic group or hydrogen atom may be attached. 
Common names regularly used to describe this chemical group include fatty, 
lipophilic and carboxylic acids. Individual acids are named systematically from 
the normal alkane of the same number of carbon atoms, by dropping the -e and 
adding the suffix -olc acid. However, since some of the naturally occurring 
acids were discovered early in history, their common names are more familiar 
(Table 1.1. ) and these are used in this thesis. Organic acids are also grouped 
arbitrarily according to their carbon chain length i. e. short-chain fatty acids 
(SCFAs) include Cl-C6 acids, medium-chain acids (MCFAs) include C7-C10 
and long-chain acids (LCFAs) are Cl1 and above. 
The acids listed in Table 1.1. are saturated (carbon-carbon single bond), 
straight-chain organic acids. Other organic acids important in food preservation 
are sorbic (unsaturated), citric (hydroxyl, multicarboxylic), succinic 
(multicarboxylic), lactic (hydroxyl) and benzoic (ftienc i jc) acids (Table 1.2. ). 
1.3.2. Chemistry of organic acids 





The low molecular weight acids are liquid at room temperature and the 
first four, formic to butyric, are miscible with water. As chain length increases, 
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water solubility decreases. However, MCFAs readily form acid salts, which 
increases their water solubility. 
Organic acids are weakly acidic since they do not readily donate protons 
in aqueous solution. The relative strength of an acid is reflected by its 
dissociation constant KA, or pKa (-log Ka). Acids dissociate in water as follows: 
Eqn. 1.1. HA -º H+ + A" 
acid proton anion 
At equilibrium, 




Since Ka is a ratio, it is independent of the total concentration of the 
acid. 
Dissociation of the weak acid is pH dependent and increases as pH 
approaches neutrality. The proportion of undissociated acid present at any pH 
can be calculated from the following equation (Lueck 1980): 
Egn. 1.3. [H+] 
p, roPo. rlýýý o#-' t. ýhd, ýssoc.. cuýd oºt, ýcý 
[H+] + Ka 
Formic acid (pKa 3.7) is a "stronger" acid than propionic (4.8) because at 
a given pH it will always have a smaller proportion of the acid in the 
undissociated form (Fig. 1.1. ). - 
1.3.3. Practical applications of organic acids 
Weak acids or salts of weak acids are employed as preservatives in both solid 
and liquid food products intended for human consumption (see Furia 1972 for a 
review). However, for reasons of solubility, taste and low toxicity, acetic. 
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benzoic, citric, propionic and sorbic acids are the most commonly used (Baird- 
Parker 1980). Although organic acids are also used as silage additives and 
preservatives for dried milk products (Woolford 1975; Stobo 1983), this section 
only considers their use in the poultry industry. 
Administration of antimicrobial agents to large numbers of birds in a 
high turnover industry can be achieved via water and feed. However, addition 
of organic acids to drinking water only, while eliminating salmonella from this 
source, fails to influence salmonella carriage in birds (Al-Chalaby et al. 1985). 
Escherichia coil and salmonella species in chicken feed are inhibited by 
the incorporation of propionic (Rejholec 1981), formic (Hinton & Linton 1988) 
or acrylic acids (Jones et al. 1982). -ßS voluntary feed intake by chicks 
is 
affected by acid concentrations of 2-10% in feed (Rys & Koreleski 1974; Cave 
1984), commercial preparations containing mixtures of formic and propionic 
acids are recommended for incorporation into feed at levels of <1%. This 
concentration prevents the establishment of infection in chickens fed the treated 
diet and protects feed from subsequent recontamination (Hinton & Linton 
1988). However, acid treatment of the diet has to be sustained since birds may 
subsequently acquire salmonellas from feed which has not been disinfected 
(Hinton & Linton 1988; Humphrey & Lanning 1988). 
The use of organic acids to disinfect the surface of equipment in 
slaughter houses is limited by the corrosive properties of the acids. 
Nevertheless, acetic acid is used to reduce the level of Enterobacteriaoec in the 
scald tank water (Okrend et al. 1986; Lillard et al. 1987). However, low pH 
increases the heat resistance of Salmonella typhimurium (Humphrey et al. 1981) 
and organic matter, which collects in the tanks, neutralises the antibacterial 
activity of the acid (Gelinas & Goulet 1983). 
Immersing the eviscerated carcasses in solutions containing succinate 
requires heat to reduce the surface contamination, aº'd produces unacceptable 
discolouration of the carcass surface (Thomson et al. 1967). However, the 
combination of a potassium sorbate dip and CO2 packaging inhibits growth of 
Salmonella enteritidis and Staphylococcus aureus on fresh poultry (Gray et al. 
1984). 
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1.4. ORGANIC ACIDS AND THE BACTERIAL CELL 
An organic acid can be a carbon source or a microbial growth inhibitor 
depending on the concentration of the acid, its ability to enter the cell and the 
capacity of the organism to metabolise the acid. The following three sections 
review these opposing interactions. 
Current understanding of the accumulation and metabolism of long; 
medium- and short-chain organic acids by Gram-negative bacteria has been 
deduced from studies with E. coli and is reviewed in this section (1.4. ). Section 
1.5. reviews the potential cellular targets of antimicrobial agents. Section 1.6. 
reviews the current understanding of the modes of action of inhibitory organic 
acids, primarily in Gram-negative bacteria, but with reference, where possible, 
to other microorganisms. 
1.4.1. Accumulation of long and medium chain organic acids by the cell 
Uptake of LCFAs into E. coli is a saturable process. Transport and metabolism 
are tightly coupled with transport the rate limiting step in catabolism (Salanitro 
& Wegener 1971; Klein et al. 1971; Frerman & Bennett 1973). In E. coli LCFAs 
and MCFAs traverse the outer membrane via porins (see Fig. 1.2. ), bind to the 
fad L gene product to cross the inner membrane and are concurrently activated 
by the fad D gene product, acyl Co-A synthetase (Fig. 1.2. ). Inside the cell, the 
activated fatty acid is degraded via the 8-oxidation cycle, whose enzymes are 
induced by the activated acid (Fig. 1.2. ). 
1.4.2. Metabolism of long and medium chain organic acids: 
ß-oxidation cycle (Fig. 1.2. ) 
In one cycle, 2 carbon atoms are removed as acetyl Co-A from the fatty acid 
chain and are subsequently metabolised via the citric acid cycle (Fig. 1.3. ). The 
other product, a shortened fatty acyl Co-A molecule, re-enters the cycle 
without further activation by acetyl Co-A synthetase. When fad D is defective, 
fatty acids are incorporated exclusively into inner membrane phospholipids 
(Rock & Jackowski 1985). Studies are currently attempting to confirm the 
9 
hypothesis that genes for the fl-oxidation cycle enzymes form an operon (Nunn 
1987). 
1.4.3. Accumulation of short chain organic acids by the cell 
Short-chain acids are assumed to enter the cell by diffusion (Salmond et al. 
1984). However, acetoacetyl Co-A transferase and ATP are required for E. coli 
to grow on butyrate (Vanderwinkel et al. 1968), and for butyrate and acetate 
uptake in Clostridium acetobutylm (Weisenborn et al. 1989). Chu et al. (1987) 
demonstrated that formate transport in two methylotrophic bacteria (T15 and 
L3) was dependent on a pH difference across the cell membrane. However, in 
the absence of definitive data for energy-linked uptake, the diffusion theory is 
still applied (Nunn 1987). 
1.4.4. Metabolism of short chain organic acids 
Acetic acid: Growth of E. coli on fatty acids as sole carbon sources involves the 
utilisation of the two carbon acetyl Co-A generated from ß-oxidation (Fig. 1.2. ) 
and catabolism by the citric acid cycle (Fig. 1.3. ). However, this gives no net 
assimilation of carbon and a separate pathway is induced to replenish necessary 
intermediates for cellular biosynthesis. This pathway, the glyoxylate shunt (Fig. 
1.3. ), forms 1 mole of dicarboxylic acid from 2 moles of acetyl Co-A. The two 
enzymes unique to the glyoxylate shunt, isocitrate lyase and malate synthase A, 
are induced only when E. coli grows in the presence of acetate and fatty acids 
(Nunn 1987). 
Prggionic acid: Escherichia coil and Salmonellae produce propionic acid as an 
end product of fermentation. Although the precise pathway for propionate 
metabolism is not known, two routes have been identified, 1) a oxidation to 
pyruvate or 2) metabolism via hydroxyglutarate (Fig. 1.4. ). In either route, the 
end products enter the citric acid cycle for further metabolism (Kay 1972). 
Growth of E. coli in the presence of propionate produces fatty acidsof unusual 
composition, namely IS- and 17-carbon saturated and 17-carbon unsaturated 
fatty acids. This probably results from the use of propionyl Co-A synthetase as 
a primer for fatty acid synthesis instead of acetyl Co-A synthetase (Ingram 
1977). 
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Formic acid: Although formate dehydrogenase is present in cells grown 
aerobically, many studies on formate metabolism have involved anaerobic 
growth conditions. Escherichia coli uses different oxidants for formate 
depending on the growth conditions e. g. 02, nitrate, fumarate and protons. 
Where protons are the oxidant, reducing equivalents are fed through formate 
dehydrogenase to a second dehydrogenase that acts as the terminal enzyme. 
Formic dehydrogenase consists of 3 subunits, a, ß, ', cytochrome b555 and iron 
sulphur centres. In addition, a molybdenum cofactor and covalently bound 
selenium are essential for formic dehydrogenase activity. The a and ß subunits 
probably span the membrane and pump protons across the cytoplasmic 
membrane concomitant with oxidoreduction reactions (Poole & Ingledew 1987; 
Lin & Kurtzkes 1987). 
I. S. TARGET SITES FOR ANTIMICROBIAL AGENTS 
As a bacterium grows and divides every component of the cell is duplicated in 
a strictly regulated fashion. The complex reactions are fuelled by energy (in the 
form of ATP) and catalysed by enzymes. Any compound which restricts the 
availability of building materials or catalytic enzymes, or interferes with the 
supply of usable energy, has a detrimental effect on bacterial growth (Gale et al. 
1981). 
The concentration of antibacterial agent used is critical in assessing its 
mode of action since only in the presence of minimum inhibitory concentrations 
can a single target be identified. Increasing the concentration above the 
minimum inhibitory level usually produces a range of toxic effects which may 
mask the primary target. 
Three major targets of drug action are: 
1) the cell membrane, 
2) ribosome function, protein synthesis and proteins 
3) nucleic acid synthesis and DNA replication. 
The following section gives a brief review of these targets and includes 
examples of the antimicrobial agents which inhibit these targets. The modes of 
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action of antibacterial drugs are comprehensively reviewed by Gale et at. 
(1981). 
1.5.1. Bacterial membranes as targets for antimicrobial agents 
A typical Gram-negative cell possesses both an outer and inner membrane (Fig. 
1.5. ). The inner, or cytoplasmic, membrane controls the internal concentration 
of metabolites by specific transport mechanisms and is the site of energy 
generation mechanisms. 
Distortion of membrane structure leads to leakiness of the membrane 
and loss of selective permeability. Cationic and anionic surface active agents 
(e. g. gramicidin S and phenols, respectively) and polymyxin antibiotics cause 
leakage of low molecular weight metabolites from inside the cell (Gale et al. 
1981). Gramicidins and polyenes also form open pore-like structures in the 
membrane leading to leakage of essential components from the cell (Gale et al. 
1981). 
Minor perturbation of the cytoplasmic membrane, if it inactivates 
energy-linked reactions, can prevent cell growth. The selective permeability of 
the cytoplasmic membrane produces an ionic gradient (which drives the 
transport of certain substrates) and is involved in energy generation and 
regulation of internal pH. This electrochemical proton gradient (APH+; also 
known as the proton motive force, pmf or Op) comprises an electrical gradient, 
dpi, and a proton gradient, ApH as follows: - 
Eqn. 1.4. Ap - Dpi -Z OpH 
where Zs2.3(RT/F) 
and R= the gas constant in JK-1 
T= temperature in"Kelvin 
F- the Faraday constant in coulombs 
Cell growth stops if the electrochemical proton gradient is dissipated e. g. by the 
action of ionophores such as di-nitro phenol and valinomycin, which 
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respectively allow the equilibration of protons and potassium ions across the 
membrane. 
1.5.2. Ribosome function, protein synthesis and proteins as targets for 
antimicrobial agents 
Proteins are synthesised in vivo on ribosomes, multimacromolecular complexes 
where decoding of the genetic message occurs. The sedimentation coefficient 
("S" value) distinguishes bacterial ribosomes (70S) from those of eukaryotes 
(80S). Bacterial ribosomes comprise 2 components, a SOS and a 30S subunit, 
which contain specific sites involved in polypeptide manufacture. During 
protein synthesis, the anticodon of amino acids (attached to transfer RNA or 
tRNA) are paired with complementary triplets of messenger RNA (mRNA 
codon), which had previously been transcribed from the base sequence of the 
appropriate DNA strand. The ribosomes do not contribute to the specificity of 
protein synthesis except to provide an appropriate environment for the mRNA- 
tRNA interaction. 
The majority of antibiotics which act against protein synthesis do so by 
binding to, and inhibiting the functioning of, the ribosomes. Some antibiotics 
show selective toxicity against bacterial ribosomes e. g. chloramphenicol and 
streptomycin. These two antibiotics specifically bind to the 50S 
(chloramphenicol) or 30S subunit (streptomycin). Ultimately, protein synthesis is 
inhibited although the precise mechanism is not known. 
The majority of enzymes are protein molecules, often 2 or 3 times the 
size of the substrate with which they will form a complex as part of the 
catalytic reaction. As few as 2 or 3 amino acids can form the binding site but 
they have to be held in a specific 3-dimensional (3-D) configuration and the 
appropriate chemical environment to be catalytic. In addition, the catalytic 
activity of many enzymes requires a non-protein cofactor. 
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Since enzymes are involved in every reaction that occurs in the cell, 
they are potential targets for inhibitors. Inhibitors of enzyme activity either 
interfere with : 
1) the binding site, 
2) cofactor binding, 
3) the regulation of a synthetic pathway, 
4) the tertiary (3-D) structure of the enzyme or 
5) the substrate. 
The most common enzyme inhibitors are chemical analogues of the 
substrate or cofactor which compete for the active site of the enzyme e. g. 
aminopterin and methotrexate are structurally analagous to folic acid and are 
potent inhibitors of dihydrofolate reductase, for which dihydrofolate is a 
cofactor (Gale et al. 1981). 
The 3-D configuration of proteins is maintained by weak hydrogen and 
electrostatic bonds (Mandelstam et al. 1982). Denaturation of proteins and 
concomitant loss of enzyme activity can be effected by extremes of 
temperature, pH and osmolarity (Mandelstam et al. 1982). 
1.5.3. Nucleic acid synthesis and DNA replication as targets for antimicrobial 
agents 
The nucleotide sequence of the DNA molecule provides the primary 
information for protein synthesis and has to be replicated during cell 
multiplication. Native DNA consists of two polynucleotide chains of 
complementary base sequences held together in a secondary structure consisting 
of a double helix stabilised by hydrogen bonds between base pairs. DNA 
replication involves the separation of the strands, each of which acts as a 
template for the synthesis of a complementary strand, resulting in the formation 
of two daughter molecules. Transcription also requires DNA strand separation 
followed by synthesis of a complementary nucleotide strand by RNA 
polymerase (substituting uracil for thymine). Thus any substance which: 
1) hinders strand separation, 
2) introduces breaks in the DNA strand (e. g. hydrogen peroxide) or 
3) interferes with transcription of the base sequence (e. g. intercalators such as 
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ethidium bromide and chloroquine), 
will impair replication and restrict cell growth. In addition, the enzymes 
involved in nucleotide synthesis and DNA replication are susceptible to 
inhibitors. For instance: 
1) rifampicin specifically inhibits RNA synthesis by binding directly to DNA- 
dependent RNA polymerase; 
2) Nalidixic acid inhibits DNA gyrase (or topoisomerase II) which introduces 
negative supercoils into the DNA molecule 
1.6. ANTIMICROBIAL ACTIVITY OF ORGANIC ACIDS 
There is no standard protocol for studying the antimicrobial activity of organic 
acids. The activity of organic acids is influenced by the: 
1) type of microorganism (and its form i. e. whole cells or membrane 
vesicles), 
2) growth conditions e. g. pH, temperature, aeration, 
3) composition of the growth and recovery media. 
Therefore care must be taken when extrapolating one set of results to others 
obtained under different experimental conditions. In addition, the form in 
which acids are used could be important to their activity, i. e. whether the acid 
is buffered before addition to cultures, or whether acid salts are used (when 
acid salts are used, the chemicals are generally referred to by the anion e. g. 
propionate, sorbate). The following sections set out the generally accepted facts 
of organic acid antibacterial activity and review inhibition of specific cell 
targets. 
1.6.1. General observations of organic acid activity. 
Organic acids exhibit broad-spectrum antimicrobial activity, but the efficiency 
with which individual acids inhibit cell growth varies. Gram-positive bacteria 
are increasingly sensitive to acids as chain length increases (Shea & 
Freese 1972). Gram-negative bacteria are resistant to acids with 8 or more 
carbon atoms (Goepfert & Hicks 1969; Sheu & Freese 1973) due to the 
15 
screening property of the lipopolysaccharide layer of the cell wall (Sheu & 
Freese 1973). 
Inhibition of bacterial growth by organic acids is reversible if acid 
concentrations are sublethal (Salmond et al. 1984). Alternatively, if cultures are 
later transferred to fresh medium which does not contain the acid, surviving 
cells resume normal growth (Blankenship 1981). 
The antimicrobial activity of acids increases with decreasing pH (Cohen 
1922; Wyss et al. 1945; Hentges 1967; Bosund 1962; Freese et al. 1973). Since a 
greater proportion of the undissociated molgcules exist as pH decreases (see 
section 1.3.2. ) it has been assumed that the undissociated molecule is the 
antimicrobial agent, Papers reporting uptake of the whole acid in preference to 
the dissociated molecule confirm this view (Baskett & Hentges 1973; Macris 
1975; Cramer & Prestgard 1977; Chu et al. 1987). However, improved 
knowledge of bacterial pH regulation (Padan et al. 1981) suggests that the 
behaviour of the accumulated acid needs to be reassessed both in relation to the 
whole acid and the dissociation components i. e. the proton and anion. Eklund 
(1983) calculated that the undissociated acid was 10-600 times more active than 
the dissociated acid, but that the latter caused more than 50% of the growth 
inhibition above pH 6. Indeed, at pH 7, the dissociated sorbate ion has an 
inhibitory effect on Alteromonas putrefaciens (Statham & McMeekin 1988). 
1.6.2. Bacterial membranes as targets for organic acids 
Organic acids can be regarded as anionic surfactants, acting as membrane 
disrupting disinfectants (Swisher 1970; Kondo & Kanai 1976; Greenway & 
Dyke 1979). However, cell lysis has only been reported in cell wall-lacking 
Mycobacteria (Kondo & Kanai 1976), in protoplasts of Bacillus megaterium and 
Micrococcus lysodeikticus (Galbraith & Miller 1973) and in whole cells and 
membrane vesicles of Bacillus subtilis (Freese et al. 1973) incubated with 
LCFAs. 
Interference with membrane permeability, characterised by leakage of 
cellular protein or ions (e. g. K+, Na'}), has been reported for Gram-positive 
bacteria incubated with LCFAs (Galbraith & Miller 1973; Greenway & Dyke 
1979) and Alteromonas putrq'aciens incubated with potassium sorbate (Statham 
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& McMeekin 1988). However, acetate at pH 4.2 does not cause leakage in E. coli 
cultures (Przybylski & Witter 1979) and at pH 3.2-3.5 produced only slight 
leakage in Salmonella bareilly cultures (Blankenship 1981). 
Organic acids at pH 6.5 inhibit the uptake of amino acids anc 
phosphates into E. coli and Bacillus subtilis (Freese et al. 1973; Sheu et al. 
1975). Freese & Levine (1978) suggested that benzoic and sorbic acids inhibited 
ApH by acting as uncouplers i. e. by rapidly shuttling protons across the 
membrane thus eliminating the proton motive force. However, ABG provides a 
sufficient energy gradient to drive the uptake of several substances (e. g. 
leucine, proline, cysteine and succinate) on its own (Ramos & Kaback 1977). 
Eklund (1985) found that sorbic acid inhibited ApH but not AO and concluded 
that inhibition of substrate transport was not the primary target of organic 
acids. 
Although organic acids inhibit oxidative metabolism in E. coli and 
B. subtilis (Weiner & Draskoczy 1961; Freese et a!. 1973), the concentration of 
acid needed to inhibit the process by 50% was higher than that required to 
inhibit bacterial growth (Weiner & Draskoczy 1961). 
Salmond et al. (1984) compared the effect of acid concentration on 
cytoplasmic pH (internal pH or pHi) and demonstrated a lowering of the pHi 
and reduced growth rate as acid concentration increased. However, they 
concluded that the drop in pHi alone was unlikely to be the primary cause of 
growth inhibition. 
1.6.3. Ribosome function, protein synthesis and proteins as targets 
for organic acids 
Potassium sorbate inhibits protein, RNA and DNA synthesis equally in 
Pseudomonas fluorescens (Nose 1982) and azelaic acid primarily inhibits protein 
synthesis in Staphyloccocus epiderrn dis (Bojar et al. 1988). However, the 
mechanism of inhibition of these metabolic functions is not known. 
The stability of ribosomes in the presence of organic acids has not been 
investigated. Samson et al. (1955) suggested that binding of fatty acids to 
enzymes and other proteins was adequate to explain their broad spectrum of 
activity. Indeed, inhibition of the sulfhydryl enzymes, fumarase, aspartase and 
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succinate dehydrogenase by sorbic acid is a result of the acid reacting with the 
thiol group of cysteine (York & Vaughn 1964). However, Krebs et al. (1983) 
attributed inhibition of phosphofructokinase by benzoic acid in yeasts to the 
lowering of pHi to a value at which the enzyme ceased to function. 
1.6.4. Nucleic acid synthesis and DNA replication as targets for 
organic acids 
As reported in section 1.6.3. potassium sorbate inhibited protein, RNA and 
DNA synthesis in Pseudomonas fluorescens by an unknown mechanism (Nose 
1982). The stability of DNA and RNA in the presence of organic acids has not 
been addressed although Sinha (1986) reported that an E. coli polAl mutant was 
more susceptible to acetic acid than its isogenic parent strain. Since the polAl 
gene codes for DNA polymerase 1, an enzyme which in conjunction with DNA 
ligase repairs gaps in single strands of DNA, Sinha's observation implies that 
acetic acid physically damages the DNA molecule. Indirect support for this 
hypothesis comes from Stephens & Dalton (1987) who found that benzoo. re 
induced base deletions in Pseudomonas putida Tol plasmids. Acetate and 
butyrate also induced deletions, but not as efficiently as benzool-e (Stephens 
& Dalton 1987). 
1.6.5. Phenotypic and genotypic resistance of cells to organic acids 
Escherichia coli and salmonella can grow at low pH e. g. pH 3, by prior adaptarörr 
at intermediate pH's (Huhtanen 1975; Goodson & Rowbury 1989) although 
tolerance is quickly lost when bacteria are subsequently cultured on normal 
media (Huhtanen 1975). 
Warth (1977) demonstrated resistance to benzoate and sorbate in the 
yeast Saccharomyces baillii which was due to an energy requiring efflux 
mechanism, although there was no similar resistance to acetate and butyrate. 
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1.7. PURPOSE OF STUDIES DESCRIBED IN THIS THESIS 
The review of published observations on the antimicrobial activity of organic 
acids presented in the previous section indicates that several potential cell 
targets are susceptible to acids e. g. ApH dependent functions, enzyme activity, 
DNA structure. However, no definitive target site has yet been identified. 
Indeed, the susceptibility of cell components to individual acids varies and this 
indicates that the mode of action of one acid cannot be deduced from the 
properties of another. 
This project arose from in vivo studies on the activity of'Bio-add"against 
salmonella in chicken feed. Bio-add, marketed by BP (Chemicals) International, 
contains a mixture of formic and propionic acids. Its mode of action is not 
understood. Few studies have included formic and propionic acid, and their 
mode of action in relation to their commercial use as chicken feed disinfectants 
has not been assessed. This project attempted to provide information on the 
mode of action of formic and propionic acid in vitro and then aeply this 
knowledge to the field situation. 
Table 1.1. Nomenclature of organic acids (after Streitwieser & Heathcock 1981). 
Compound Common name systematic name 
short chain fatty acids: 
Cl HCOOH formic methanoic 
C2 CH3COOH acetic ethanoic 
C3 CH3CH2COOH propionic propanoic 
C4 CH3(CH2)2COOH butyric butanoic 
C5 CH3(CH2)3COOH valeric pentanoic 
C6 CH3(CH2)4COOH caproic hexanoic 
medium chain fatty acids: 
C7 CH3(CH2)5COOH enanthic heptanoic 
C8 CH3(CH2)6COOH caprylic octanoic 
C9 CH3(CH2)7COOH pelargonic nonanoic 
ClO CH3(CH2)8COOH capric decanoic 
long chain fatty acids: 
C12 CH3(CH2)10COOH lauric dodecanoic 
C14 CH3(CH2)12COOH myristic tetradecanoic 
C16 CH3(CH2)14COOH palmitic hexadecanoic 
C18 CH3(CH2)16000H stearic octadecanoic 







Fig. 1.1. The relationship between pH and dissociation of weak organic acids. 
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Fig. 1.2. Accumulation of long- and medium-chain fatty acids by Escherichia 
coli and their metabolism via the ß-oxidation cycle (modified from Nunn 1987). 
Rz CH3 Cc-N;. )n whet-e nz *1 
Gene Gene product 
fad L unidentified cytoplasmic membrane protein 
fad D acetyl-CoA synthetase 
fad E acetyl-CoA dehydrogenase 
fad B(a) enoyl-CoA hydratase 
fad B(b) 3 hydroxy acetyl-CoA dehydrogenase 
fad A 3 keto acetyl-CoA thiolase. 
0 
OUTSIDE R \OH 
CYTOPLASMIC 
MEMBRANE 
INSIDE Rý \OH 
lad D 
4O 










/ad As con 
fed B 
00 lad B (a) 
Ri iii i\ (b) R (° \/ý ý\ 
SCoA SCoA 
Fig. 1.3. The citric acid cycle () and glyoxylate shunt (- -- -) in Escherichia cola (modified from Mandelstarr et al. 1982). 
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Fig. 1.4. Known pathways of propionic acid metabolism in Escherichia coli 
(after Kay 1972). 
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Fig. 1.5. Diagrammatic representation of the Escherichia coli inner and outer 
membrane structure (only some of the polysaccharide chains are shown on the 
lipopolysaccharide molecules; after Ingraham et al. 1983). 
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The majority of chemicals were purchased from either BDH Laboratory 
Chemicals Ltd. or from Sigma Chemical Co., both located in Poole, Dorset. 
Agars were purchased from; London Analytical Co., Bury, Lancs,; Oxoid Ltd., 
Basingstoke, Hants; or Difco Ltd., West Molsey, Surrey. 
The Bio-rad protein assay kit and prestained protein standards for gel 
electrophoresis were purchased from Bio-rad Labs. Ltd., Watford. 
Bio-add was a gift from BP (Chemicals) International, Hull, Humberside. 
Chicken feed was purchased from BP Nutrition (UK) Ltd.. 
2.1.1. Radiochemicals 
Radioactive chemicals (Table 2.1. ) were purchased from Amersham 
International plc., Amersham, Buckinghamshire. 
Table 2.1. Radiochemicals 
Chemical Activity Code 
N-acetyl-D-[1_14C] glucosamine 2Ci/mM CFA485 
[2-3H] glycerol 0.5Ci/mM TRA 118 
(Hydroxy [14C] methyl) inulin 9.45mCi/mM CFA400 
L-[4,5-3H] leucine 50Ci/mM TRK636 
5,5-dimethyl [2-14C] SOCi/mM CFA575 
oxazolidine-2,4-dione 
(DL+meso)-2,6-Diamino [G-3H] 0.25 Ci/mM TRA76 
pimelic acid dihydrochloride 
[2-14C] propionic acid, 55mCi/mM CFA88 
sodium salt 
[U-14C] sucrose 5Ci/mM CFB4 
[Methyl 3H] thymine 60Ci/mM TRK127 
[6-3HJ uracil 30Ci/mM TRK240 
Tritiated water 5mCi/ml TRS8 
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2.2. BACTERIA 
2.2.1. Escherichia coli K12 strains 
3300 (pBR322) lac 1, B1 (Dixon & Chopra 1986). Synthesises 
ß-galactosidase and ß-lactamase constitutively. 
The plasmid, pBR322, encodes resistance to 8- 
lactams and tetracycline. 
UB 1139 leu, thy, met, na1R (Saunders 1973). Derivative of W1655 
JC3272 his, lysA, trp, lacOx74, mal, gal strR (Jenkins 1976). 
JC6310 JC3272, recAS6 (Jenkins 1976). Unable to initiate the SOS 
response. 
UB2272 JC3272, polAl (Jenkins 1976). Lacks DNA polymerase 1 
activity. 
UB2274 JC3272, uvrA6 (Jenkins 1976). Deficient in excision 
repair. 
W7 DAP, lys (Kitano & Tomasz 1979). 










na1R (Impey er al. 1987). 
(B. Rowe, CPHL, Colindale Av., London). 
(K. O'Brien, Veterinary Research Laboratory, Stormont). 
(Barrow & Tucker 1986). 
(G. C. Mead, IFR, Langford. ). 
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2.3. MEDIA 
Lab M nutrient broth 
Lab M nutrient agar 
Brilliant green agar (modified) 
Tetrathionatp, broth -- 
Brain heart infusion broth 
London Analytical Co. 




Minimal salts agar [x2 concentration] (g/1). 
K2HP04 (14); KH2PO4 (6); (NH4)2SO4 (2); Na3C6H5O7.2H20 (1); 
MgSO4.7H20; glucose (4% final conc. ) added separately. 
Diluted in Bitek Difco agar (33) 
Supplemented minimal medium, SMM, (g/1). 
KCl (13.4); citric acid (10.2); K2HPO4 (17.9); 
sodium citrate (0.5); MgSO4,7H20 (0.1); (NH4)2SO4 (1); 
yeast extract (1.0); glucose (8). 
adjusted to pH 5.5 prior to sterilisation (10lb/20min) 
Growth supplements. 
Vitamin and amino acid solutions were filter-sterilised 
through 0.2µm Acrodisc filters (Gelman Sciences, UK) and added at 
a final concentration of 20µg/ml unless otherwise stated. 
pH 5 buffer, CPB. 
0.1M citric acid/phosphate buffer (Cruikshank et al. 1965) 
Used at room temperature (RT) unless otherwise stated. 
2.4. MAINTENANCE OF BACTERIAL STRAINS 
Strains were maintained on Dorset egg slopes in the dark (RT). Sub-cultures 
were prepared from this source at regular intervals and maintained, after 
phenotypic characterisation, on nutrient agar (for E. coli K12 strains) or Brilliant 
green agar (salmonellas) supplemented with appropriate selective antibiotic. 
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METHODS - IN VITRO STUDIES 
2.5. GROWTH OF BACTERIA IN SMM 
Iv. avk vv-6%W sL, akw 
Bacteria were routinely cultured overnight, aerated 
(at 37°C, in nutrient broth 
containing appropriate selective antibiotic. Cells were precipitated by 
centrifugation (MSE Minor, 3K/lOmin/RT), washed and resuspended in a small 
volume of pH 5 buffer (CPB). Portions of the cell suspension were used to 
inoculate supplemented minimal medium (SMM) to give a turbidity of 0.12 
absorbance units (Unicam 1800 spectrophotometer, 675nm). Unless otherwise 
stated, cultures were incubated aerobically at 37°C. 
2.6. ADDITION OF ACIDS TO CULTURES 
Concentrated solutions of formic and propionic acids were kept in darkened 
bottles in a safety cabinet. Stock solutions were prepared to provide a range of 
acid concentrations from 5-700mM when added to cultures in the ratio 1: 5. For 
the stock solution, acids were adjusted to pH 5 with 5M NaOH and diluted to 
10ml with CPB. Controls contained CPB only. 
In general, acid stock solutions were equilibrated to the incubation 
temperature and added to cultures that had reached turbidities (Unicam 1800 
spectrophotometer, 675nm) of 0.2-0.25 absorbance units (approximately 108 
bacteria per ml), usually after 2h incubation. 
2.7. EFFECT OF ACIDS ON CELL GROWTH 
2.7.1. Culture turbidity and viable counts 
Duplicate culture samples (1 ml) were removed at intervals after the addition of 
the control or acid solution. The optical density (O. D. ) of the culture was 
determined from one sample (Unicam 1800 spectrophotometer, 675nm). Viable 
cell numbers were determined from the second sample, which was serially 
diluted in sterile de-ionised water (SDW) and plated on appropriate agar plates 
according to the method of Miles et al. (1938). Plates were incubated overnight 
at 37°C. 
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2.7.2. Doubling time and D90 calculations 
The doubling time refers to the time required for the number of viable calls 13 
increase by a factor of two (Ingraham et al. 1983) and was calculated from 
cultures in exponential growth phase. 
D90` refers to the time taken for 90% of the cell population to die. Plots 
of log cell numbers against time were drawn using a computer programme for 
regression (Chopra 1985) from which D90 was determined. 
2.8. PROTEIN ASSAY 
2.8.1. Assay for soluble protein 
Protein was assayed according to the method of Bradford (1976) using a 
"Protein Assay Kit" (Bio-rad Laboratories Ltd. ). Dye reagent concentrate was 
diluted and filtbred according to manufacturers' instructions. A standard curve 
was constructed using bovine serum albumin (BSA) diluted in CPB (range 10- 
100. ug/tube; the volume of diluting CPB in the standard tubes corresponded to 
the volume of the experimental samples). 
Dye reagent (Sml) was added to samples and absorbance was read after 
5min at 595nm (Pye-Unicam PU8800 spectrophotometer). Experimental samples 
were treated in the same way as standards since control experiments showed 
organic acids did not interfere with the assay system. Plots of absorbance 
(595nm) versus protein concentration ý5 /sI)were drawn using the-computer 
programme for regression (see section 2.7.2. ). The amounts of protein in each 
sample was estimated from standard curves with correlation coefficients of 
>0.99. 
2.8.2. Assay for total cell protein 
Samples of culture (1 ml) were transferred to sterile screw-cap eppendorf tubes 
and the cells sedimented by centrifugation (MSE Microcentaur, 1I K/4min). The 
pellet was resuspended in lml 1M NaOH, heated in boiling water for 5min and 
allowed to cool. Volumes (2-3O0141) were assayed as described above (section 
2.8.1. ) except that BSA standards contained appropriate volumes of IM NaOH. 
Absorbance readings and calculation of protein content was as described above 
(section 2.8.1. ). 
1 
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2.8.3. Assay for soluble protein in the suspending medium 
Samples of culture (1.5m1) were transferred to sterile screw-cap eppendorf tubes 
and cells precipitated by centrifugation (MSE Microcentaur/11K/4min). Culture 
supernatant was assayed for soluble protein as described in section 2.8.1.. 
2.8.4. Assay for total soluble protein of bacterial cultures 
Samples of culture (10ml) were transferred to universal bottles and cooled 
rapidly on ice. The cells were broken open by sonication (4 x 30sec bursts with 
30sec cooling periods). The soluble protein content of the resulting culture 
sonicate was determined as described above (section 2.8.1. ). 
2.9. DNA ASSAY 
DNA was assayed by the method of Burton et al. (1956). Portions of culture 
(25ml) were transferred to centrifuge tubes and cells were precipitated by 
centrifugation (Sorvall RC-5B, 1OK/8min/4°C). The cell pellet was washed with 
ice-cold CPB, resuspended in 8ml 10% (v/v) ice-cold perchloric acid and 
transferred to universal bottles for overnight incubation on ice. The next day, 
the bottles were placed in boiling water for 10min. After cooling, insoluble 
material was removed by centrifugation (MSE Minor, 3K/10min/RT). 
Supernatant (0.5m1) was carefully removed into sterile screw-cap eppendorf 
tubes to which I ml reagent I and 50µ1 reagent 2 (see below) were added. 
Samples were incubated overnight at 30°C and the resulting insoluble material 
was precipitated by centrifugation (MSE Microcentaur, I1K/4min). Portions 
(1 ml) of supernatant were read at 600nm (Pye-Unicam PU8800 
spectrophotometer) against reagent blanks. A standard curve was constructed 
using calf thymus DNA diluted in 10% (v/v) perchloric acid (range 5- 
150pg/ml) and treated in the same way as experimental samples. A regression 
curve was constructed as described before (section 2.8.1. ), from which the 
concentration of DNA in the test samples was determined. 
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Reagent 11g diphenylarnine 
98% (v/v) glacial acetic acid 
2% (v/v) concentrated sulphuric acid 
Reagent 2 1.6mg/ml acetaldehyde 
2.10. BETA"GALACTOSIDASE ASSAY 
Beta-galactosidase activity in culture supernatant (see section 2.8.3. ) and total 
activity in bacterial cultures (see section 2.8.4. ) was assayed by its ability to 
liberate . -nitrophenol (ONP) from 2-nitrophenyl-B-D-galactopyranoside 
(ONPG; Chopra et al. 1977). Initial control experiments showed organic acids 
did not affect ONP stability. However, the medium pH of 5 and organic acids 
reduced ß-galactosidase activity over the 24h incubation period. 
To assay for ß-galactosidase, I ml of culture supernatant or culture 
sonicate was preincubated for a few minutes at 37°C. A freshly prepared 
solution of ONPG (4m1) in 10mM sodium phosphate buffer (pH 7.4) was added 
to the sample and incubated at 37°C until the yellow colour of ONP developed. 
The reaction was stopped by the addition of 5m1 0.5M sodium carbonate and 
the incubation time noted. The absorbance of the solution was measured against 
a reagent blank at 420nm (Pye-Unicam PU8800 spectrophotometer). A standard 
curve of ONP diluted in 10mM sodium phosphate buffer, pH7.4 (range 0.1- 
214M) was used to determine the amount of ONP liberated from ONPG in 
experimental samples. The ß-galactosidase activity in the supernatant (µM ONP 
formed /min/ml) was presented as a percentage of the total ß-galactosidase 
activity of the culture. 
2.11. ADENOSINE-TRI-PHOSPHATE (ATP) ASSAY 
The method was modified from Cole el al. (1967). 
2.11.1. Extraction of ATP 
Samples of culture (2m1) were pipetted into bijoux bottles containing 0.5m1 30% 
(v/v) ice-cold perchloric acid. After 10min the mixture was shaken to 
resuspend the precipitate and 2ml ice-cold 2M KOH added to bring the pH to 
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7.4. The samples were kept on ice and assayed for ATP the same day. 
. 
2.11.2. Assay of ATP 
ATP content was measured using a firefly bioluminescena-assay. Luminescence 
was measured in a 1900 Packard liquid scintillation analyser programmed to 
record single photon light emissions at 10sec intervals. 
Portions of the clear cell lysate (20µ1) were pipetted into 5m1 
scintillation vials containing 900pl 44mM glycyl-glycine buffer (pH 7.6; RT) 
and 50µ1 filtered firefly extract (Sigma, cat. no. FLE250) added. The vials were 
capped, shaken and placed in the counting chamber so that the first 10sec count 
was recorded 45sec after the firefly extract had been added to the tube. Under 
this regime, the first 10sec count was proportional to the amount of ATP 
present. A standard curve was constructed from vanadium-free ATP diluted in 
SMM (range 0.05-4µM) from which the ATP content of samples was 
determined. 
2.12. RADIOLABELLING OF MACROMOLECULAR SYNTHESIS 
2.12.1. General information 
Protein, RNA, DNA, lipid and cell wall synthesis was followed in E. coli K12 
UB 1139 while , cell wall synthesis was followed in E. coli K12 W7. In 
all cases cultures were grown in SMM to a turbidity of 0.25 absorbance units 
(675nm, Unicam 1800 spectrophotometer) and equal volumes removed into 
prewarmed flasks containing a mixture of radioactive and non-radioactive 
precursor (Table 2.2. ). The cultures were incubated for a further l0min before 
the acid or control solution (containing the same ratio of labelled and unlabelled 
precursor) was added. 
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Table 2.2. Specific activities of precursors used for labelling of macromolecules 
Precursor* Activity of Volume of Concentration of Final 
supplied radioactive non-radioactive specific 
soln. soln. added soln. added activity 
µCi/ml p1/ml culture pg/ml pCi/ml culture 
3H leucine 1 2 20 0.002 
3H thymine 1 3 20 0.003 
3H uracil 1 5 20 0.005 
14C NAG 0.2 1 40 0.0002 
3H glycerol 1 5 40 0.005 
3H DAP 1 3 20 0.003 
*formulae 
of radioactive precursors are given in Table 2.1. (section 2.1.1. ). 
2.12.2. Protein synthesis 
UB 1139 is auxotrophic for leucine so specific labelling of synthesised protein 
was achieved by incubating cultures with radioactive leucine (see section 
2.12.1. ). 
Cellular extracts were prepared by pipetting 0.5m1 of culture into 5m1 
ice-cold 10% (w/v) tri-chloro-acetic acid (TCA) in universal bottles and 
incubating on ice for a minimum of 30min. Samples were heated in boiling 
water for 15min and allowed to cool. Protein, which remains insoluble, was 
isolated by filtering the sample under pressure through G/FA Whatman glass 
microfibre filters. The filters were washed with Sml 10% (w/v) TCA and 10ml 
1% (v/v) glacial acetic acid, dried (60°C) overnight in plastic scintillation vials 
and solubilised in Sml scintillation cocktail (4g Butyl-BPD/litre toluene). 
Radioactivity of the precipitate is a measure of the incorporation of labelled 
leucine in protein and was measured by a Canberra-Packard 3320 liquid 
scintillation counter. 
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2.12.3. DNA synthesis 
UB 1139 is auxotrophic for thymine, a DNA precursor. Specific labelling of 
DNA was achieved by incubating cultures with radioactive thymine (see section 
2.12.1. ). Cell-free extracts were prepared as described above (section 2.12.2. ). 
Samples were filtered without pre-boiling, since DNA is soluble in hot TCA. 
Filters were washed and dried, and radioactivity measured, as described above 
(section 2.12.2. ). 
2.12.4. RNA synthesis 
4 
Since RNA cannot be specifically labelled in UB 1139, the amount of label 
incorporated into non-RNA species was initially determined following the 
method of St. John & Goldberg (1978). Cultures were incubated with radioactive 
uracil (see section 2.12.1. ) in the absence of organic acids and I ml samples 
pipetted at intervals into 8m1 ice-cold 10% (w/v) TCA. The acid extract was 
split into two equal portions. One portion was pipetted into pre-warmed (37°C) 
universal bottles containing 5m1 IM NaOH and incubated for 60min to 
hydrolyse RNA. Both sets of samples were then filtered and radioactivity 
determined as described previously (section 2.12.2. ). The proportion of 
radioactive label incorporated into RNA (79%) was the difference in counts 
between the two samples. 
The effect of acids on RNA synthesis was determined as described 
before (section 2.12.3. ) and the amount of radioactivity contributed by non- 
RNA species (11 %) accounted for in the final calculations. 
2.12.5. Cell wall synthesis 
Cell wall synthesis in UB 1139 was measured by the incorporation of radioactive 
N-acetyl-glucosamine (see section 2.12,1. ) into cell wall peptidoglycan. 
Although peptidoglycan is not specifically labelled in UB 1139 it was assumed 
that the majority of the label was incorporated into the cell wall. Cell-free 
extracts were prepared, samples boiled and filtered and radioactivity determined in pt«kpi 
as described above (section 2.12.2. ). 
W7 is auxotrophic for di-amino-pimelic acid (DAP), a cell wall 
peptidoglycan precursor. Therefore, cell wall synthesis was followed directly 
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using radioactive DAP (see section 2.12.1. ). Samples were prepared and 
radioactivity counted as described above (section 2.12.2. ). 
2.12.6. Lipid synthesis . 11 1 
Lipid was labelled with radioactive glycerol (see section 2.12.1. ) and extracted 
using a scaled-down version of the method of Bligh & Dyer (1959). Samples 
(0.5m1) of culture were pipetted into a mixture of chloroform (0.5m1) and 
methanol (lml). The mixture was vortexed for 30sec and 0.5m1 chloroform 
added. The mixture was again vortexed (30sec) and 0.5m1 water added. After a 
further 20sec mixing, 0.5m1 of the chloroform (lower) layer was quickly 
transferred into a plastic scintillation vial. Chloroform was allowed to evaporate 
and radioactivity in the dry material counted as previously described (section 
2.12.2. ). 
2.12.7. Calculation of rates of synthesis 
Radioactivity of experimental samples was modified to give the number of 
radioactive counts per min per ml of sample (cpm/ml). Radioactivity in controls 
(cpm/ml) was then transformed to a unit scale from 0-100. Radioactivity in 
acid treated cultures was transformed with respect to the maximum control 
value. The rates of synthesis of controls and acid-treated cultures were 
determined as units per minute by the following, (see also A? peiduc I,, p. 
Eqn. 2.1. unit counts at Time 1- unit counts at Time0 
Time 1- Time0 
2.13. ACCUMULATION OF RADIOACTIVE SUBSTRATE 
2.13.1. Accumulation of acid by cells 
Portions (l Oml) of UB 1139 cultures which had reached turbidities at 675nm of 
0.25 (Unicam SP1800 spectrophotometer) added to prewarmed propionic 
acid solution (2ml) containing 200p1 radioactive propionate (50ppCi/ml, 
55mCi/mM, see Table 2.1., section 2.1.1. ). Cultures were further incubated for 
(L SLRk% g wtýtav L, fL 
2h with aerationlat 37°C. Three samples (0.2m1) were removed at each time 
ýf Lx a1 lw 
t 
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interval. One portion was immediately filtered under pressure through 0.45µm 
Sartorious nitrocellulose filters to determine the accumulation of radioactive 
acid by intact cells. Filters were washed with CPB and prepared for counting 
(section 2.12.2. ). The remaining portions were pipetted into separate universal 
bottles containing 5m1 ice-cold 10% (w/v) TCA. Radioactivity in material 
insoluble in hot or cold TCA was determined from these samples as described 
above (sections 2.12.2. and 2.12.3. ). 
2.13.2. Accumulation of precursor 
Cultures of UB 1139 were incubated with radioactive thymine as described 
above (section 2.12.3. ) except that duplicate samples were removed at each 
sampling time. One portion was treated to determine accumulation of precursor 
into whole cells, except that filters were washed with 1% thymine in SDW (RT; 
section 2.13.1. ). The second portion was treated to determine radioactivity in 
DNA (section 2.12.3. ). The intracellular pool of thymine was the difference in 
counts between the two samples. 
2.14. PREPARATION OF BACTERIAL CELL FRACTIONS 
2.14.1. Protoplasmic fraction 
After appropriate acid treatment, UB 1139 cultures were cooled on ice and 
harvested by centrifugation (Sorvall RC-5B, 10K/l0min/40C). The cell pellet 
was washed in ice-cold CPB and resuspended in 10ml ice-cold sodium 
phosphate buffer (10mM, pH 7.4). Cells were lysed by sonication (4 x 30sec 
with 30sec cooling periods), and unbroken cells removed by low-speed 
centrifugation (Sorvall RC-5B, 5K/30min/40C). Protoplasmic material was 
separated from crude envelope material by high speed centrifugation (Sorvall 
OTD65B, 40K/45min/40C). The supernatant (protoplasmic fraction) was 
carefully decanted into universal tubes and the total protein content determined 
(section 2.8.2. ). The samples were frozen rapidly on dry ice and freeze-dried 
for 24h. The freeze-dried sample was resuspended in sample preparation buffer 
(SPB, see below) in sterile eppendorf tubes and held at -20°C until required. 
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Sample 1.4m1 sodium dodecyl sulphate, SDS 
preparation 1. Oml glycerol 
buffer (SPB) 1. Oml mercaptoethanol 
0.5m1 0.25M Tris pH 6.8 
O. lml 1% (w/v) bromo-phenol blue 
8.1 ml SDW 
2.14.2. Separation of inner and outer membranes 
Crude envelope material from UB 1139 was prepared as described in section 
2.14.1. After the supernatant, containing the protoplasmic fraction, was 
removed by centrifugation (section 2.14.1. ), the cell pellet was washed with 
10mM pH 7.4 ice-cold sodium phosphate buffer (Sorvall OTD65B, 
40K/45min/40C), resuspended in 7m1 0.5% (w/v) Sarkosyl (N-lauroyl sarkosine 
sodium salt; Filip et al. 1973) and incubated (RT) for 20min. Sarkosyl soluble 
inner membrane material (a) was separated from insoluble outer membranes (b) 
by centrifugation (Sorvall OTD65B, 40K/2h/4°C). 
a) The supernatant containing inner membranes was carefully decanted into 
universal bottles and the protein content determined (section 2.8.2. ). An equal 
volume of acetone was added to the supernatant and the mixture incubated 
overnight at -20°C. The resulting precipitate was washed in acetone (MSE 
minor, 3K/l0min/RT) and dried by evaporation overnight in a fume cupboard. 
The residue was resuspended in SPB and stored as described above (section 
2.14.1. ). 
b) The cell pellet, which contained Sarkosyl insoluble outer membranes was 
washed twice with 10mM pH 7.4 sodium phosphate buffer (Sorvall OTD65B, 
40K/45min/40C). Determination of total protein content, freeze-drying and 
sample storage was as described before (section 2.14.1. ). 
2.15. ONE DIMENSIONAL GEL ELECTROPHORESIS 
2.15.1. Sample preparation 
One dimensional polyacrylamide gel electrophoresis (ID-PAGE) was used to 
visualise proteins of all cell fractions. Protein samples in sample preparation 
buffer (SPB) were thawed on ice and solubilised by heating at 1000C for Smin 
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in a Grant BT3 heating block. After cooling, insoluble material was removed by 
centrifugation (MSE microcentaur 11 k/4min) and the supernatant was 
transferred into fresh, sterile eppendorf tubes. Volumes of SPB containing 15µg 
protein were routinely applied to gels for electrophoresis. 
Protein molecular weight standards obtained as a pre-stained pack from 
Bio-rad Laboratories (cat. no. 161-0305) were included on each gel to estimate 
molecular weights of proteins in experimental samples. The solution contained 
(molecular weight, daltons) phosphorylase B (110,000), bovine serum albumin 
(84,000), ovalbumin (47,000), carbonic anhydrase (35,000), soybean trypsin 
inhibitor (24,000) and lysozyme (16,000). 
2.15.2. Gel apparatus 
Vertical slab gel electrophoresis apparatus from Biorad Laboratories, Ltd. 
(Protean Cell) was used with a discontinuous buffer system (Hames 1981). 
Electrophoresis 15.14g Tris base 
buffer 71.32g Glycine 
5.00g SDS 
51 deionised water 
2.15.3. Gradient PAGE 
All one dimensional protein separations were performed on 5-20% gradient 
acrylamide gels (Hames 1981), using the solutions described below. The 
resolving gel was overlaid with 0.05% (w/v) SDS to ensure an even upper 
surface to the polymerised gel. When the resolving gel had polymerised, the 
overlay was rinsed off with SDW. The gel surface was dried with the edge of a 
paper towel before the stacking gel was applied. A comb insert provided wells 
in the stacking gel for sample application. The comb was removed carefully 
once the stacking gel had set and non-polymerised solutions removed from the 
wells by syringe. The gels 'were set up in the Protean cell with electrophoresis 
buffer in the upper and lower reservoirs. Samples in SPB were pipetted into the 
wells using a Hamilton syringe. 
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20% acrylamide 4.5g sucrose 
(heavy) solution 20m1 30% (w/v) acrylamide* 
- makes 2 gels 3.75m1 3M Tris-HCI buffer pH 8.8 
0.3ml 10% (w/v) SDS 
0.7m1 1.5% (w/v) freshly prepared 
ammonium persulphate 
2.75m1 SDW 
lOµ1 TEMED added immediately prior to 
pouring gel 
5% acrylamide 5m1 30% (w/v) acrylamide 
(light) solution 3.75m1 3M Tris-HCI buffer pH 8.8 
- makes 2 gels 0.3m1 10% (w/v) SDS 
0.7m1 10% (w/v) freshly prepared 
ammonium persulphate 
20.3m1 SDW 
lOµ1 TEMED added immediately prior to 
pouring gel 
Stacking gel 8.4m1 0.25M Tris-HC1 pH 6.8 
- makes 2 gels 2.8m1 30% (w/v) acrylamide* 
260µ1 10% (w/v) freshly prepared 
ammonium persuiphate 
166p1 10% (w/v) SDS 
5ml SDW 
6p1 TEMED added immediately prior to 
pouring gel 
30% acrylamide 28.38g Acrylamide 
1.62g N, N-bis methylene acrylamide 
100ml SDW 
(stirred for 30 min with 1g Amberlite monobed resin MB-1. Filtered 
through Whatman no. 1 filter paper and stored in the dark at 40C). 
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2.15.4. Electrophoresis 
The current (30m/1 per gel) was applied for 5h or until the blue dye had 
reached the end of the gel. 
2.15.5. Resolution of protein bands 
Stacking and resolving gels were separated with a sharp edge. The resolving gel 
was stained overnight and destained repeatedly until the background was 
transparent (see below for solutions). 
Scanning densitometry o separated polypeptides was performed with a 
nsý ýnýkea! CSQýs ý TyAD, tw eft-v-) Joyce Loebl Chromoscan 3, equipped with automated peak integration facilities. 
Stain 0.1% PAGE Blue 83 
(reusable) 25% propan-2-ol 
10% acetic acid 
diluted in deionised water 
Destain 10% acetic acid 
10% propan-2-ol 
diluted in deionised water 
2.16. TRANSMISSION ELECTRON MICROSCOPY 
Procedures described in sections 2.16.2,2.16.3, and 2.16.4. were carried out by 
Andrew Scuse of the Department of Pathology, University of Bristol, using 
methods modified from Glauert (1975) and Lewis & Knight (1977). 
2.16.1. Preparation of samples 
Cultures of UB 1139 were incubated in SMM with a range of formic and 
propionic acid concentrations. At intervals, 5m1 portions were pipetted into 
glass centrifuge tubes, centrifuged at 3K/ l Omin/RT (MSE centaur 2), and the 
supernatant discarded. Fresh fixative was prepared , before addition to cell 
pellets and comprised lml 2.5% (v/v) glutaraldehyde and 4ml 0.2M sodium 
cacodylate buffer (SCB, pH 7.2). The solution was pipetted carefully down the 
side of the tubes so as not to disturb the cell pellet. In this fixative, pellets 
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could be kept at 4°C for up to 4 weeks before processing. 
2.16.2. Embedding 
Solutions used in this method are given at the end of this section. The cell 
pellet was removed from the tube with the end of a fine spatula onto a sheet of 
dental wax and cut into small cubes using a single edged razor blade. The cubes 
were washed with 0.2M SCB for 2h with one change of solution and replaced 
with osmium tetroxide (1% w/v in 0.2M SCB) for l h. The osmium tetroxide 
was washed out by two 5min washes with 0.2M SCB. Specimenswere dehydrated 
by sequential soaking in solutions of ethanol (see below) followed by two 10min 
washes in propylene oxide. 
Propylene oxide was removed by pipette and replaced with an equal 
solution of propylene oxide and the resin Epikote 812 (Emscope Labs. Ltd., 
Ashford, Kent). After an hour this mixture was replaced with a concentrated 
solution of the resin and left overnight at RT, uncovered, to evaporate off the 
remaining dehydrating agent. The next day the cubes were placed singly in 
polyethylene capsules, covered with fresh resin and incubated at 60°C for 48h 
to polymerise the resin. 
Ethanol 70% soln. 2x 20min 
washes: 90% 2x 10min 
100% 2x 20min 
Resin solution 25m1 EPON substitute 
25ml dodecyl succinate anhydride 
I ml benzyl dimethyl amine 
2.16.3. Sectioning of specimens 
Polymerised samples were cut to 90nm thickness (gold interference colour) on a 
Reichert OMU3 ultramicrotome using a diatome diamond knife (Diatome Ltd., 
Bienne, Switzerland) and placed on 3mm Electron Microscope grids using 
forceps. 
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2.16.4. Staining of specimens 
Sections were double stained with 1% aqueous uranyl acetate and Reynolds lead 
citrate (described below). The solutions were made up and placed as single 
drops on Agar Scientific spotting tiles (Agar Scientific Ltd. ) with one grid per 
drop of stain. Specimens were stained with uranyl acetate for 10min, washed 
thoroughly with filtered distilled water, then stained for 5min with lead citrate. 
The grids were washed with distilled water and dried on filter paper. Stained 
grids were kept on filter paper in petri dishes to avoid collecting dust. 
Reynolds 1.33g lead nitrate 
Lead 1.76g sodium citrate 
Citrate 30m1 SDW 
(stand for 30min with intermittent shaking) 
8m1 1M NaOH 
12m1 SDW 
(adjust pH to 12) 
2.16.5. Visualisation of specimens 
Specimens were observed using a Philips 201 electron microscope and 
photographed using Kodak EM4489 film. Negatives were developed in Ilford 
contrast FF. Prints of negatives were prepared on Ilford Multigrade 3 (resin 
coated) paper. 
2.16.6. Size measurements of photographed cells 
At least 30 whole cells cut longitudinally and in-focus were chosen from 
photographs of control, lOmM formio-and 5mM propionic acid-treated cultures. 
The perimeter of these cells was measured by a "Vids" programme (Analytical 
Measuring Systems, Saffron Waldron, Essex) which automatically calculated the 
length and breadth of each cell. The average sizes of cells at each time point 
were analysed by chi square to determine the levsl c4 stxTt6tXcoi. "c1,1cýý, cý¢ 
of cbse, ived dUf f 2nwes. 
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2.17. MEASUREMENT OF CELL VOLUMES 
Whole cell, cytoplasmic and periplasmic volumes were determined by methods 
modified from Stock et al. (1977), Booth et al. (1979) and Kroll & Booth(. 1989. 
2.17.1. Radioactive probes 
Tritiated water was used in combination with radioactive sucrose to measure, by 
exclusion, the volume of the cytoplasm. Radioactive hydroxy-methyl inulin was 
used in combination with tritiated water to determine the whole cell volume. 
Details of the radioactive labelling of these probes are given in Table 2.1. 
(section 2.1.1. ) and Table 2.3. (below). 
Table 2.3. Specific activities of probes used to determine cell volumes 
Chemical Activity of Vol. of radioactive Final specific 
supplied soln. soln. added activity 
(mCi/ml) (pl/ml culture) (pCi/ml culture) 
3H 
water 1 10 0.01 
14C sucrose 0.2 8 0.0016 
14C HMI 0.05 35 0.00175 
2.17.2. Culture preparation and sampling 
Cultures were grown in SMM (see section 2.5). At turbidities of 0.20-0.25 
(675nm, Unicam SP1800 spectrophotometer) 20m1 of, the pre-acid control 
culture was transferred into 2 prewarmed 100m1 flasks and propionic (5mM) or 
formic acid (10mM) added. Volumes (4.5m1) of pre-acid control and acid- 
treated cultures were transferred to prewarmed 50ml flasks containing the 
appropriate combination of radiolabelled probes. The solutions were incubated 
for 5min after which portions (1 ml) of the unlabelled and labelled cultures were 
pipetted into screw-cap eppendorf tubes. Cells were precipitated by 
centrifugation (MSE microcentaur, I1 K/30sec). Culture turbidity at each 
sampling time was determined from unlabelled cultures at 650nm (Unicam 
SP1800 spectrophotometer). 
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The supernatants of unlabelled pellets were removed by means of a 
Gilson pipette and 25µl supernatant of the equivalent radiolabelled samples 
added (Cs samples). The remaining supernatant from labelled samples were 
removed by means of a Gilson pipette and the pellets retained (Cp sample). 
Cp pellets were dried under vacuum in a Univag 150H centrifuge 
(Genetic Research Instruments Ltd. ) for 1h. Both Cp and Cs pellets were then 
resuspended in 600µ1 SMM and transferred to scintillation vials. Portions (4m1) 
of Ultima-gold scintillation cocktail (Packard Instrument Company Ltd. ) were 
added and radioactivity determined in a Packard 1900CA liquid scintillation 
analyser on a preset dual-labelling programme 
2.17.3. Calculation of excluded cell volumes 
Cell volumes were calculated according to the equation of Stock et at, (1977; 
Eqn. 2.2. ) which expresses cell volumes as p1/mg dry weight of cells per ml. 
The mg dry weight of cells per ml was determined by assuming that an O. D. of 
1.0 at 650nm correlated to approximately 0.5mg bacterial dry weight per ml 
(after Kroll & Booth 1981). 
Eqn. 2.2. ([3H Cp/3H CS] x 0.025) - ([14C Cp/ 
14C CS] x 0.025) 
(O. D. at 650nm/2) 
When the 14C probe is HMI, the whole cell volume is calculated 
When the 14C probe is sucrose, the cytoplasmic volume is calculated 
2.18. MEASUREMENT OF INTERNAL pHI BY 
31P-NMR 
NMR spectroscopy was carried out in the Department of Chemistry, University 
of Bristol, under the supervision of Martin Murray. 
Volumes of SMM were inoculated with four-times the usual portion of 
washed overnight culture of UB1139 and incubated for 2h as described before 
(see section 2.5. ). A 4ml sample was removed into a 10mm NMR glass tube 
containing 0.5m1 D20 and placed in a JOEL EX400 spectrometer. 
Spectra were accumulated at 161.7 MHz. Two hundred 900 pulses were 
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applied with a repetition rate of 1.25 and free induction decay (FID) points of 
4096Hz were accumulated. Fourie transformation (a mathematical representation 
of FIDs with an exponential broadening factor 1Hz) gave the spectra, which 
were referenced to 85% H3PO4 by using the signal of internal D20 as a 
standard reference. A standard curve for pH against observed chemical shift 
(ppm) was constructed using sterile SMM adjusted to pHs from 4.5-8 using 
concentrated HCl or NaOH as appropriate. Resonance spectra of experimental 
samples were accumulated at 37 and 21°C. 
2.19. MEASUREMENT OF INTERNAL pII BY THE DISTRIBUTION OF 
RADIOLABELLED PROBES ACROSS THE CELL MEMBRANE 
2.19.1. Radioactive probes 
Radioactive weak acid di-methyl oxazolidine dione (DMO, ) was used to 
determine internal pH. DMO (activity 200pCi/ml) was added to cultures at a 
final volume of 10µ1/ml. Details of the radioactivity of DMO are given in Table 
2.1. (section 2.1.1. ). Tritiated water was used in combination with DMO as a 
control. 
2.19.2. Culture preparation and sampling 
Culture preparation and sample treatment were exactly as described in section 
2.17.2. A Jenway 3020 pH meter was used to determine the pH of SMM before 
inoculation with bacteria, Since SMM and acid solutions were buffered, it was 
assumed that the pH did not to change after the addition of the acids or with 
cell growth. 
2.19.3. Calculation of internal pH (pH1) 
pHi was calculated from a knowledge of ApH according to Booth et al. (1979; 
Eqns 2.3. and 2.4. ). The medium pH (pHo) was lower than the pK of DMO 
(6.32). Therefore the concentration of undissociated acid was not negligible and 
was corrected for by multiplying by a factor of 10 
< -pH (Booth 1985). 
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[A-in] was calculated from Eqn. 1.2 (section 1.3.2. ) by assuming that 
[H+] was 6.3 x 10-9 (equivalent to pH 8,2; after Lagarde 1977 and Kroll & 
Booth 1981). An example of the calculation for internal pH is given in 
Appendix II, pl13. 
Eqn. 2.3. A pH = log [(A-in/A out) x 
(1 + 10pK-pHo)] _ (IOpK-pHo) 
Eqn. 2.3a. A-in = (Cp x D)/V 
where A- = acid anion 
D= proportion of dissociated acid at pHi 8.2 
V= (cytoplasmic volume) x (O. D. 650nm/2) 
Eqn. 2.3b. A-out = (Cs x D)/25 
where A- = acid anion 
D= proportion of dissociated acid at pHo 
Eqn. 2.4. pH1 = pHo + aºpH 
METHODS - IN VIVO STUDIES 
In vivo studies were carried out by technicians at the Department of Veterinary 
Medicine, University of Bristol, using Salmonella kedougou strain 131a/1 (see 
section 2.2.2. ). 
2.20. EFFECT OF BIO"ADD ON SURVIVAL OF SALMONELLA IN FEED 
2.20.1. Composition of chicken feed 
The feed, obtained from BP Nutrition (UK) Ltd. contained (by weight %) 
ground wheat (66.3), fish meal (7.5), fat (3.8), full. fat soya (7.1), soya meal 
(12.5), di-calcium phosphate (1.0), limestone (0.3), salt (0,15) and 
vitamin/mineral supplements (1.25). There were no added coccidiostats or 
antibiotics. The feed was stored dry, in paper sacks, at ambient temperature. 
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2.20.2. Inoculation of feed with S. kedougou 
Bacteria were inoculated into feed using a two stage mixing process as 
described by Hinton (1986). Overnight cultures of S. kedougou in Brain Heart 
Infusion broth were serially diluted in SDW and mixed into grated coconut (J. 
Sainsbury Ltd. ) in the ratio 1: 100 v/w. The inoculated coconut was then mixed 
into chicken feed in the ratio 1: 50w/w in an electrically powered cement mixer. 
2.20.3. Addition of acids to feed 
Solutions of Bio-add (BP [Chemicals] International) were made up according to 
manufacturers' instructions. The solutions were added to feed (range 0.22-1.5% 
w/w) after the addition of the contaminated coconut, while the mash was being 
mixed in the cement mixer. Controls contained SDW only. 
2.20.4. Hydration of feed 
Portions (50g) of chicken feed previously inoculated with bacteria and acids 
were mixed with 0,10,20,30 or 40g of SDW which corresponded to a water 
content of , respectively, 
0,17,29,38 or 44%. The samples were incubated at 
RT (21°C) and 370C for 24h. 
2.20.5. Recovery of salmonellas from feed 
Salmonella kedougou were recovered from feed by serially diluting portions of 
the feed in Ringer's solution (Oxoid Ltd. ) and plating l00µ1 onto Brilliant green 
agar (modified) supplemented with 30µg/ml nalidixic acid. Plates were 
incubated overnight at 37°C. 
2.21. EFFECT OF BIO-ADD ON SALMONELLA INFECTIONS IN 
CHICKS 
2.21.1. Rearing of birds 
Birds of mixed sex were purchased as "day-olds" from a commercial hatchery. 
Four groups of 12 birds were kept in cardboard boxes with wood shavingsas 
bedding. Feed and water were available ad libitum. 
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2.21.2. Recovery of salmonellas from caecal contents 
Birds were killed humanely after being given contaminated feed (see section 
2.20. ) for 14 days. Swabs of caecal contents were taken aseptically and used to 
inoculate the surface of Brilliant green agar (modified) supplemented with 
30µg/ml nalidixic acid. Plates showing colonies characteristic of salmonellas 
were marked as positive. 
CHAPTER 3 
THE EFFECT OF SHORT-CHAIN ORGANIC ACIDS ON GROWTH AND 
SURVIVAL OF ESCHERICHIA COLT AND SALMONELLAS 
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3.1. INTRODUCTION 
The work reported in this thesis has been concerned with the effect of formic 
and propionic acids on a "model" Gram-negative bacterium in vitro and was 
carried out in order to improve understanding of their activity in vivo. The 
experiments described in the first section of this chapter were designed to 
examine the effects of the acids on bacterial growth and survival. These 
experiments provided a foundation from which to plan further study. 
The in vitro studies involved Escherichia coti K12 initially since the 
biochemistry, physiology and genetics of this organism are well documented and 
a variety of well-characterised mutants are available. However, although E. coli 
and Salmonellae are closely related, a range of wild type and laboratory strains 
were included for the in vitro studies to provide a direct comparison of their 
sensitivity to formic and propionic acid. 
Several factors influence the antimicrobial activity of organic acids 
(section 1.6. ), of which pH and the composition of the growth medium are 
particularly important. The cell is only permeable to the undissociated acid 
(Cramer & Prestgard 1977; Chu et al. 1987), but the ratio of undissociated acid 
to dissociated acid (anion) and proton is pH dependent and increases as pH 
decreases (section 1.3.2. ). A pH of 5 was used throughout these studies because 
E. coli and salmonella grow at this pH and because a proportion of the propionic 
(43%) and of the formic (5%) acid molecules are in the undissociated form (see 
section 1.3.2., Eqn. 1.2. ). 
The bacteria were grown in vitro in a supplemented minimal medium 
(SMM) since nutrient broth inhibits the antibacterial activity of organic acids 
(Fay & Farias 1975). To maintain pH 5 during bacterial growth and upon 
addition of acids, the composition of the medium was modified to incorporate 
citrate buffer. However, since the buffering capacity of the modified medium 
was not able to maintain pH after formic and propionic acid were added, the 
acid solutions were adjusted to pH 5 with NaOH before addition to growing 
cultures (section 2.6. ). 
The experiments in the later sections of this chapter address the 
hypothesis that acid promoted cell death results from either lysis or leakage of 
essential cellular constituents. Previously published information has not provided 
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definite evidence that structural damage is responsible for cell death. Bacterial 
protoplasts and membrane vesicles lyse and release cellular components into the 
medium when incubated with organic acids (Freese et a!. 1973; Galbraith & 
Miller 1973). However, lysis of whole cells of Gram-negative bacteria mediated 
by organic acids has not been reported, although membrane perturbations, 
indicated by release of 260-280nm absorbing material (DNA, RNA and protein) 
into the medium was demonstrated for Salmonella bareilly incubated with 0.2N 
acetic acid (unbuffered pH 3.2-3.5, Blankenship 1981). 
In this study, the integrity of E. coli K 12 UB 1139 cell structures growing 
at pH 5 was visualised by transmission electron microscopy (TEM; section 
2.16. ). Representative cells were photographed from: 
1) control cultures at the start of the experiment to illustrate "normal" cells, 
2) 24h cultures incubated with 500mM formic acid and 
3) 4h cultures incubated with 500mM propionic acid. 
The times of samples 2) and 3) were chosen because initial experiments showed 
that the majority of cells incubated with 500mM acid for these times had died. 
In addition, the culture supernatant was analysed for cell protein and, 
specifically, for the cytoplasmically located enzyme ß-galactosidase. The 
presence of this enzyme in the medium indicates damage to both inner and 
outer membranes (Dixon & Chopra 1986). 
3.2. RESULTS 
3.2.1. Effect of acids on culture turbidity 
Escherichia coli K12 strains grew in SMM at pH 5 with a doubling time of 50- 
80min while the average doubling time of salmonella strains was 130min (Table 
3.1. ). The presence of 5mM propionic or 7mM formic acid inhibited E. coli K12 
3300 (pBR322) cell growth by 25% according to turbidity measurements 
(675nm), whilst 50mM propionic or 70mM formic acid caused growth stasis 
(Fig. 3.1. ). A small decrease in culture turbidity (0.07-0.09 absorbance units) 
was observed in cultures incubated for 24h with 700mM formic or 500mM 
propionic acids (Fig. 3.1. ). The response of E. coli and salmonella strains to 
formic and propionic acids was similar to E. coli K12 3300 (pBR322). 
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3.2.2. Effect of acids on viability 
Addition of 5mM propionic or 7mM formic acid to E. coli K12 3300 (pBR322) 
cultures inhibited the rate of cell multiplication although after 24h incubation, 
the number of cells in these cultures was similar to that in controls (Fig. 3.2. ). 
Cell death was observed after 6h for cultures incubated with 50mM propionic 
acid or 70-700mM formic acid (Fig. 3.2. ). However, propionic acid was more 
active than formic acid at higher concentrations (_500mM) causing cell death 
within 30min of its addition to cultures. The response of other E. coli K12 and 
salmonella strains to formic or propionic acid (Tables 3.2. and 3.3. ) was 
generally similar, although individual sensitivity varied. 
The difference in formic and propionic acid activity at high 
concentrations (500mM) was corroborated by regression analysis of cell death 
curves. D90 values for E. coli K12 3300 (pBR322), i. e. the time taken to kill 
90% of the population, was 6.91h for 500mM formic acid and 0.83h for 500mM 
propionic acid (Table 3.3. ). D90 values were similar for other E. coli K12 and 
salmonella strains incubated with 500mM formic and propionic acids (Tables 
3.2. and 3.3. ). 
3.2.3. Effect of acids on cell integrity: morphological studies 
The cell wall (indicated on TEMs as 1) and cell membrane (2) of E. coli K12 
UB 1139 remained intact following incubation with 500mM formic (24h) or 
propionic (4h) acid in SMM at pH 5 (Figs 3.4. and 3.5. ). However, the 
homogeneous granular appearance of the cytoplasm (3) in control cells (Fig. 
3.3. ) disappeared in acid treated cells, which exhibited regions of clearing in the 
cytoplasm and aggregations of nuclear material as filaments (5) and clumps (6). 
Sedar & Burde (1965) proposed that electron dense spheres in the cytoplasm and 
close to the cytoplasmic membrane in electron micrographs of E. coli were 
polyphosphates. Similar structures (4) were observed in UB 1139 cells. They 
formed intracellular aggregates in bacteria treated with 500mM propionic acid 
(Fig. 3.5. ). 
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3.2.4. Effect of acids on cell integrity: biochemical studies 
Seven percent of total cell protein was released into the medium by E. coli K12 
3300(pBR322) cells after 24h growth in SMM at pH 5 (Table 3.4. ). Inclusion of 
700mM formic or 500mM propionic acid significantly (Two-way analysis of 
variance; P<0.002) increased this release to 11 % and 22% respectively (Table 
3.4. ). The increase in protein in the supernatant of test cultures with time was 
not significant (P>0.33). 
Partial characterisation of the released protein from E. coli K12 3300 
(pBR322) cells incubated with formic and propionic acid in SMM was achieved 
by analysing the supernatant for ß-galactosidase activity. The concentration of 
ß-galactosidase activity in the supernatant of 0.7M formic and 0.5M propionic 
acid-treated cultures was significantly higher (P<0.005) than controls, although 
the activity in the supernatant of e. g. formic acid-treated cultures was less than 
7% of the total culture activity (Table 3.5. ). 
3.3. DISCUSSION 
Increasing concentrations of formic or propionic acids at pH 5 caused growth 
inhibition, growth stasis and cell death, both in E. coli and salmonella strains. 
Similar concentration-response curves have been reported for other organic 
acids e. g. acetic acid, caproic acid and benzoic acid (Freese et al. 1973; Eklund 
1980). Since all strains of E. coli and salmonella exhibited similar patterns of 
inhibition in the presence of formic and propionic acids, the results of later in 
vitro experiments, which used only E. coli K12 strains, were assumed to 
represent the response that would have been made by other E. coli and 
salmonella strains. 
All experiments were carried out at pH 5 so that the effect of the acids 
could be compared without having to take into account the additional effect of 
low pH on cell viability. Since at pH 5 there are 8 times more undissociated 
propionic acid molecules than formic present (43% propionic to 5% formic; 
section 1.3.2., Eqn. 1.2. ) and because only the undissociated molecule permeates 
the cell (e. g. Salmond et al. 1984), a direct comparison of the efficiency of each 
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acid as an antimicrobial agent cannot be made. Indeed, this probably explains 
why propionic acid, at equal concentrations, is more inhibitory than formic 
acid. 
Absorbance measurements of bacterial cultures do not distinguish live 
cells from dead except if cells lyse, in which case culture absorbance drops 
(Leduc et al. 1982). The failure of formic or propionic acids to lyse E. coli or 
salmonella cells was confirmed using TEMs of acid-treated E. coli cells. The 
integrity of the outer layers of the cell was maintained although the cytoplasm, 
which was homogeneous in the controls, contained particulate aggregates. 
Although formic and propionic acids enhanced leakage of soluble cell protein 
and ß-galactosidase above control values, this was considered to be a 
consequence rather than a cause of cell death. Coagulation of the cytoplasmic 
contents might have prevented their leakage from the cell e. g. incubation with 
500µg/ml chlorhexidine diacetate (Hugo & Longworth 1965; reproduced in Fig. 
3.6). Comparison of cells illustrated in Fig. 3.6. with TEMs of E. coli K12 
UB 1139 cells incubated with 500mM formic (Fig. 3.4. ) or propionic (Fig. 3.5. ) 
acid demonstrated that acid treatment did not induce coagulation of the 
cytoplasm. 
Cells incubated with formic and propionic acid (500mM) showed 
filamentation and clumping of nuclear material. Therefore, it is possible that 
the onset of cell death is related to the interference of acids with the integrity 




Table 3.1. Doubling time of Escherichia coli and salmonella strains at pH 5 in 
supplemented minimal medium. Doubling time was calculated as the time taken 
for culture turbidity or cell numbers in log phase cultures to double. 
Strain doubling time (min) 
E. coli K12 strain 
3300 (pBR322) 60 
UB 1139 65 
JC3272 80 
W7 50 
Salmonella strains* 130 
*average doubling time of salmonella strains (s& i= t8) 
S. kedougou 131a/1, S. enteritidis PT4 (P125588), S. virchow, 
S. typhimurium DT49A, S. typhimurium DT14 (F98). 
Fig. 3.1. Effect of formic and propionic acids on Escherichia coli culture 
turbidity. Cultures of strain E. co1i K12 3300 (pBR322) were incubated with 
acids in SMM at pH 5. Absorbance measurements of culture samples were 
recorded at 675nm. 
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Fig. 3.2. Effect of formic and propionic acids on Escherichta calf viability. 
Cultures of strain E. co1i K12 3300 (pBR322) were incubated with acids in SMM 
at pH 5. Viable cell numbers were determined as described in Methods (see 
section 2.7.1. ) 
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Table 3.2. Change in the mean viable cell numbers (109 10) of cultures of 
Escherichia coli K12 strains incubated for 24h with 50mM and 500mM 
concentrations of formic and propionic acids. D90, the time taken (h) to kill 
90% of the population, was determined from linear regression analysis of viable 
count data (Chopra 1975). Two or three replicate experiments were performed. 
Acid Escherichia coli K12 strain 
3300 
(pBR322) 1139 JC3272 W7 
Formic acid: 
50mM 0.0 -0.29 -0.24 ND 
500mM -3.46 -4.86 -6.43 -6.47 















Table 3.3. Change in the mean viable cell numbers (log 1 p) of cultures of 
Salmonella strains incubated for 24h with 100mM and 5 OmM concentrations 
of formic and propionic acids. D9ý, the time taken (h) to kill 90% of the 
population, was determined from linear regression analysis of viable count data 
(Chopra 1975). Two or three replicate experiments were performed. 










100mM -0.46 -1.45 -1.81 -1.57 -2.0 
500mM -4.61 -3.82 -4.33 -2.81 -5.65 
D90 5.2 6.3 5.5 8.5 4.3 
Propionic acid: 
100mM +0.12 -0.72 -0.03 -0.29 +0.06 
500mM -7.83 -7.3 -7.66 -6.88 -7.55 
D90 0.62 0.77 0.77 0.74 0.63 
Fig. 3.3 Transmission electron micrographs of Escherichia coli K12 UB 1139 
grown in SMM at pH 5. Preparation of TEMs was as described in Methods (see 
section 2.16. ). Magnification x 30,000 
1 cell wall 3 cytoplasm 
2 cell membrane 4 polyphosphates 
(after Sedar & Burde 1965) 
f- 
t1f Gn "s 'w 
Fig. 3.4. Transmission electron micrograph of Escherichia coli K 12 UB 1 139 
incubated for 24h with 500mM formic acid in SMM. Preparation of TEMs was 
as described in Methods (see section 2.16. ). Magnification x 30,000. 
1 cell wall 5 filaments of nuclear material 
2 cell membrane 6 clumps of nuclear material 
4 polyphosphates (after Sedar & Burde 1965) 








Fig. 3.5. Transmission electron micrograph of Escherichia coli K12 UB 1139 
incubated for 4h with 500mM propionic acid in SMM. Preparation of TEMs 
was as described in Methods (see section 2.16. ). Magnification x 30,000. 
1 cell wall 5 filaments of nuclear material 
2 cell membrane 6 clumps of nuclear material 
4 polyphosphates (after Sedar & Burde 1965) 
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Table 3.4. Release of cell protein into the growth medium. Escherichia coli K12 
3300(pBR322) was incubated with 700mM formic or 500mM propionic acid in 
SMM. The soluble protein content of the supernatant and total soluble protein 
of cell cultures was determined from three replicate experiments as described in 
Methods (see section 2.8. ). Protein release is presented as a proportion (%) of 
the total protein of the culture. 
Time No 700mM formic 500mM propionic 
(h) acid acid acid 
0 3.2 12.1 6.9 
3 5.7 14.5 8.1 
6 4.8 15.8 10.7 
24 6.7 22.1 11.1 
Table 3.5. Release of ß-galactosidase into the growth medium. Escherichia coli 
K12 3300(pBR322) was incubated with 700mM formic or 500mM propionic 
acid in SMM and supernatant and cell cultures were assayed for p-galactosidase 
activity in three replicate experiments as described in Methods (see section 
2.10. ). 19-galactosidase activity in the supernatant is presented as a proportion 
(%) of the total activity of the culture. 
Time No 700mM formic S00mM propionic 
(h) acid acid acid 
0 3.4 2.4 3.7 
3 1.1 3.8 3.4 
6 0.5 4.6 2.7 
24 0.4 6.2 1.7 
Fig. 3.6. Transmission electron micrograph of Escherichia coli NCTC5934 
incubated for 6h with 500µg/ml chlorhexidine diacetate at pH 7.3. The dense 
granular appearance of the cytoplasm (3) indicates general coagulation and 
sealing in of cytoplasmic constituents (reproduced from Hugo & Longworth 
1965). Magnification x 20,000. 
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CHAPTER 4 
EFFECT OF SUBLETHAL CONCENTRATIONS OF SHORT-CHAIN 




In this chapter, the effect of sublethal concentrations of formic and propionic 
acids on Escherichia coli growth and macromolecular synthesis was examined. 
These features of short-chain organic acid activity have not been reported 
previously. 
The advantage of using sublethal concentrations of antimicrobial agents 
in in vitro studies is that a primary target can be identified. It has been 
recognised for some years that sublethal concentrations of antibiotics produce 
subtle alterations at the molecular level even though they are unable to 
completely inhibit bacterial growth in vitro (see review by Chopra & Linton 
1986). This has particular importance in vivo since the changes in biochemistry 
or morphology of cells induced by the drug at the molecular level may be as 
effective as bacteriocidal concentrations in rendering cells susceptible to "host" 
defences. For example, the morphological alterations produced by ß-lactam 
antibiotics (penicillins and cephalosporins) at concentrations below those that 
prevent bacterial multiplication and are thought to make affected cells more 
vulnerable to host defences (Lorian 1985). 
Macromolecular synthesis was studied in E. coli K12 incubated with 5, 
10 and 50mM formic or propionic acids. Radiolabelling techniques, classically 
employed to study the mode of action of antibiotics, were used to follow DNA, 
RNA, protein, cell wall and lipid synthesis. Escherichia coil K 12 UB 1139 is 
auxotrophic for leucine and thymine. Therefore, protein and DNA synthesis 
could be followed specifically by incubating cells with the respective 
radioactive forms of these precursors. RNA, cell wall and lipid synthesis cannot 
be followed directly in this strain, however. Although radioactivity from uracil, 
N-acetyl glucosamine (NAG) and glycerol can be incorporated into other 
macromolecules, the majority accumulates respectively into RNA, cell wall and 
lipids (Hanson & Phillips 1981). The proportion of uracil incorporated into 
non-RNA species was determined from the difference in radioactivity of 
duplicate samples, one of which was hydrolysed with NaOH to denature RNA 
(St. John & Goldberg 1978; section 2.12.14. ). Similar methods, based on the 
principle of denaturing the macromolecule of importance, have not been 
described for cell wall peptidoglycan or lipids. 
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In addition to radiolabelling studies, the rate of protein and DNA 
synthesis in UB 1139 was determined from colorimetric assays for these 
macromolecules (sections 2.8.2. and 2.9. ) 
Environmental stresses, such as carbon starvation and temperature shock, 
influence the production of certain polypeptides in E. coli (Yamamori & Yura 
1980; Groat & Matin 1986). The possibility that growth of E. coli in sublethal 
concentrations of organic acids is accompanied by changes in the production of 
specific polypeptides was therefore investigated. The polypeptides' profile of 
inner and outer membrane and protoplasmic fractions, prepared at different 
times following the addition of propionic acid (5mM) to cultures of E. coli K12 
UB 1139, were examined (section 2.14. ). The relative proportions of individual 
polypeptides separated on one-dimensional gradient acrylamide gels were 
determined using a computer programmed gel scanner (section 2.15. ). 
4.2. RESULTS 
4.2.1. Effect of sublethal acid concentrations on cell growth 
Escherichia coli K 12 UB 1139 grew at a doubling time of approximately 65min 
in SMM at pH 5 (section 3.2.1. ). Addition of the control solution (pH 5 buffer, 
CPB) to growing cultures did not affect growth of E. coli K12 UB1139 (Figs 4.1. 
and 4.2. ). 
Addition of either propionic or formic acids to cultures of U131139 
immediately inhibited cell growth. There was no increase in cell numbers for 
30min following addition of 5mM propionic acid although culture turbidity 
increased (Fig. 4.1. ). When cell multiplication resumed, culture turbidity and 
viable cell numbers continued to diverge (Fig. 4.1. ). No clumping of cells was 
observed in these cultures or in samples examined using a light microscope. 
A similar increase in culture turbidity in the absence of cell division 
was observed in cultures incubated with 10mM formic acid. In this case, the lag 
period before resumption of cell multiplication was 2h, but plots of culture 
turbidity and viable cell numbers then converged (Fig. 4.2. ). No clumping of 
cells was observed in these cultures or in samples examined using a light 
microscope. 
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Inhibition of cell growth increased as the concentration of acid increased 
(illustrated in Fig. 3.2. for E. coli K12 UB3300 [pBR322]). This was 
accompanied by an increased lag period before cell multiplication resumed 
until, in the presence of 50mM concentrations, neither culture turbidity nor cell 
numbers increased during the 4h incubation period (illustrated in Figs. 3.1. and 
3.2. for E. coli K12 UB3300 [pBR322]). 
4.2.2. Effect of sublethal acid concentrations on macromolecular synthesis: 
radiolabelling studies 
Cultures were incubated with the appropriate radioactive precursor for 10min 
before the control or acid solution was added. Radioactivity in macromolecules 
was transformed to a unit scale of 0-100 as described in Methods (section 
2.12. ). 
Figure 4.3. illustrates the effect of 10mM formic and 5mM propionic 
acids on the incorporation of radioactive precursors into newly synthesised 
macromolecules in E. coli K12 UB 1139. Radioactive counts accumulated in 
controls at a rate of 0.416 - 0.425 arbitrary units (radioactive counts min-' 
ml" 
1) 
per min over the 4h incubation period (Tables 4.1. and 4.2. ). Addition of 
either formic or propionic acid to growing cultures immediately inhibited 
macromolecular synthesis, but the sensitivity of individual synthetic functions 
varied (Fig. 4.3. ). 
In the presence of 5mM propionic acid, the least sensitive functions 
were protein and RNA synthesis (Figs 4.3a. and 4.3b,; Table 4.1, ), followed by 
lipid and cell wall synthesis (Figs 4.3c. and 4.3d.; Table 4.1. ). DNA synthesis 
was most sensitive to the acid, inhibited by 65% (Fig. 4.4e.; Table 4.1. ). In the 
presence of 10mM propionic acid, protein, RNA and DNA synthesis were 
inhibited by 81,86 and 86% respectively. 
Rates of macromolecular synthesis, except DNA, in cultures incubated 
with 10mM formic acid were biphasic (Fig. 4.3. and Table 4.2. ). After addition 
of acid the synthesis of all macromolecules was reduced by at least 50% (Table 
4.2. ). Individual synthetic functions recovered to different rates at different 
times (Fig. 4.3.; Table 4.2. ): 
1) lipid synthesis recovered after 2h to 49% of the control rate, 
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2) cell wall and pry teu1 synthesis recovered after 2.5h to, respectively, 92, % and 
65% of the control rate, 
3) RNA synthesis recovered after 3.25h to 29% of the control rate. 
DNA synthesis was the most sensitive biosynthetic process being inhibited by 
91% and showing no recovery during the experimental period (Fig. 4.3e.; Table 
4.2). 
Precursors were not incorporated into macromolecules in cultures 
incubated with formic or propionic acid at 50mM (Tables 3.1. and 3.2. ). 
4.2.3. Effect of sublethal acid concentrations on macromolecular synthesis: 
colorimetric assays 
The rate of protein synthesis in UB 1139 cultures incubated with propionic acid 
(5mM) was 30% slower than controls, compared with a reduction of 18% when 
the rate was determined by radiolabelling assay. In contrast, inhibition of 
protein synthesis by formic acid (l0mM), and inhibition of DNA synthesis by 
both acids, was less according to colorimetric assay than the figure obtained 
from radiolabelling assay (Tables 4.1. and 4.2. ). However, DNA synthesis was 
still more sensitive to formic and propionic acids than protein synthesis (Tables 
4.1. and 4.2. ). 
4.2.4. Synthesis of proteins in cells exposed to 5mM propionic acid 
Inner membrane, outer membrane and protoplasm fractions were prepared 
20min, 50min and 80min after the addition of 5mM propionic acid to UB 1139 
cultures (section 2.14. ). Polypeptides were separated on gradient 1-dimensional 
gels by electrophoresis (section 2.15. ). The relative proportion of individual 
polypeptides in 50 and 80 min samples was compared to 20min samples (Table 
4.3. ). 
No major differences in corresponding polypeptides were found in inner 
and outer membrane fractions between the three samples (Figs 4.4. and 4.5. ). 
The proportion of a number of proteins in the protoplasmic fraction changed 
with incubation time (Fig. 4.6. ). The 8 protoplasmic polypeptides of 50 and 80 
min samples showing major differences compared to the 20min sample (> +/- 
20% ) are indicated in Fig. 4.6. while Table 4.3. gives the proportion (%) of the 
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8 proteins in 50min and 80min samples relative to 20min samples. The major 
differences were in the high (57-77,000) and low (16-23,000) molecular weight 
ranges but no general pattern of over- and under-production of these proteins 
with time was observed (Table 4.3. ). Polypeptides 1 and 4 were produced in 
greater amounts after 80min while polypeptide 5 was produced in lesser 
amounts. Polypeptides 2 and 3 were produced in lesser amounts after 50 min 
but production of polypeptide 3, after 80min, was the same as in 20min 
samples. Polypeptides 6 and 8 were produced in greater amounts after 50min 
only, while the production of polypeptide 7 had decreased after 50min but 
increased after 80min. 
The distance travelled by polypeptides of known molecular weight was 
used to estimate the approximate molecular weights of the unknown 
polypeptides using regression analysis (co-efficient of correlation r2- 0.96; 
Table 4.3. ). No attempt was made to characterise these proteins further. 
4.3. DISCUSSION 
An organism is in balanced growth when every cellular component increases by 
the same constant factor per unit time (Ingraham et al. 1983). The exponential 
increase in population mass is constant and reproducible, and characteristic of 
the strain and the growth conditions. In the studies described in this thesis, test 
solutions were buffered to the same pH as the cultures and equilibrated to the 
experimental temperature so that their addition to the cultures would cause 
minimal disturbance. Indeed, no fluctuation in the steady state growth of 
cultures was observed when the control solution (pH 5 citric/phosphate buffer) 
was added, i. e. culture turbidity and viable cell counts continued to increase in 
a linear fashion (Figs 4.1. and 4.2. ), and the rates of macromolecular syntheses 
remained constant throughout the experiments (Fig. 4.3). Therefore, the 
separation of cell multiplication from the increase in cell mass in acid-treated 
cultures was solely a function of propionic and formic acids. 
The increase in culture turbidity in the absence of an increase in cell 
numbers may result from cell shrinkage, possibly as a response to osmotic 
challenge (Koch 1984). Alternatively it may reflect a genuine increase in cell 
mass, which implies that the size of individual cells increased. Since 
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macromolecular synthesis continued to increase when acids were added, 
although at reduced rates compared to controls, this would argue in favour that 
the explanation was an increase in cell mass. It is interesting that cell numbers 
and culture turbidity after 4h incubation with 5mM propionic acid'continued to 
diverge, yet converged in cultures incubated with 10mM formic acid. This was 
not due to cells aggregating into clumps which would affect both culture 
turbidity measurements as well as determination of viable cells. However, 
metabolism of propionic acid results in the production of unusual fatty acids 
(Ingram 1977; section 1.4.4. ) which may be incorporated into membranes and 
subsequently alter cell size. 
Inhibition of synthesis of individual macromolecules by propionic and 
formic acids was not equal. The use of low concentrations of formic and 
propionic acids (10mM and 5mM respectively) identified DNA synthesis as the 
most sensitive biosynthetic process. Paradoxically, the rate of DNA synthesis in 
acid-treated cultures did not recover in synchrony with the resumption of cell 
division. This is in agreement with the findings of Zaritsky & Woldringth 
(1978) who demonstrated that the apparent connection between bacterial cell 
shape and chromosome replication rate was fortuitous. The results presented in 
this chapter showed that resumption of cell division (2h; Fig. 4.2. ) only 
correlated with an increase in the rate of L; pid synthesis in cultures incubated 
with 10mM formic acid. The rates of RNA, cell wall and Prom synthesis showed 
some recovery 2.5 to 3h after the addition of formic acid. 
Colorimetric assays were apparently less sensitive than radiolabelling 
methods at determining the increase in macromolecular content with time 
probably because 1) larger culture volumes were needed to obtain a readable 
result and 2) more manipulations of the sample were required (sections 2.8., 2.9. 
and 2.12. ). However, these assays were used to corroborate radiolabelling results 
since not all macromolecules could be directly labelled. Despite the differences 
between colorimetric and radiolabelling assays the findings were consistent in 
that DNA synthesis was the biosynthetic function most sensitive to the acids. 
Internal and external pH have been shown to regulate gene expression in 
E. coli (Slonczewski et al. 1987; Heyde & Portalier 1987). Escherichla cola can be 
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"trained" to grow in acid conditions by sequentially subculturing cultures onto 
media containing increasing concentrations of HCI. Using this technique, Heyde 
& Portalier (1987) showed that "trained" E. coli cultures alter the production of 
three major outer membrane proteins in response to decreasing external pH. 
This appears to be a response to acid pH per se since no changes in outer 
membrane proteins were observed in E. co1i K 12 UB 1139 incubated with 
sublethal concentrations of propionic acid buffered to pH 5 (Fig. 4.5. ). 
Although the results presented in this chapter show there was no change in 
inner or outer membrane polypeptides, the relative production of a number of 
protoplasmic polypeptides was affected. 
This chapter established DNA synthesis as the biosynthetic process most 
sensitive to the presence of formic and propionic acid. Experiments described 
in the following chapter investigated the possible causes of this increased 
sensitivity. 
Fig. 4.1. Effect of 5mM propionic acid on growth of Escherichia coli K 12 
UB 1139 at pH 5. Culture absorbance (675nm; circles) and viable cells per ml 
(triangles) were determined in three replicate experiments as described in 
Methods (see section 2.7. ). 
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Fig. 4.2. The effect of 10mM formic acid on growth of Escherichia coli K 12 
UB 1139 at pH S. Culture absorbance (675nm; circles) and viable cells per ml 
(triangles) were determined in three replicate experiments as described in 



































Table 4.1. Effect of propionic acid (5,10 and 50mM) on rates of 
macromolecular synthesis in Escherichia coil K 12 UB 1139. Rates of synthesis 
(units per min) were calculated as described in Methods (see section 2.12.7. ) at 
60 and 180 minutes after the addition of acid. 
Synthesis control 
Rate of synthesis 





5mM: radiolabelling assay 
protein 0.425 0.35 0.35 18 18 
RNA 0.425 0.35 0.35 18 18 
lipid 0.425 0.25 0.25 41 41 
cell wall 0.425 0.25 0.25 41 41 
DNA 0.425 0.15 0.15 65 65 
5mM: colorimetric assay 
protein 0.416 0.29 0.29 30 30 
DNA 0.516 0.29 0.29 44 44 
10mM: radiolabelling assay 
protein 0.416 0.077 0.077 81 81 
RNA 0.416 0.055 0.055 86 86 
DNA 0.416 0.055 0.055 86 86 
50mM: radiolabelling assay 
protein 0.425 0.0 0.0 100 100 
RNA 0.425 0.0 0.0 100 100 
DNA 0.425 0.0 0.0 100 100 
Table 4.2. Effect of formic acid (10 and 50mM) on rates of macromolecular 
synthesis in Escherichia coli K 12 UB 1139. Rates of synthesis were calculated as 
described in Methods (see section 2.12.7. ) at 60 and 180min after the addition 
of the acid. 
Synthesis control 
Rates of synthesis 





10mM: radiolabelling assay 
protein 0.425 0.10 0.28 76 35 
RNA 0.425 0.06 0.13 86 71 
lipid 0.425 0.13 0.21 69 51 
cell wall 0.425 0.20 0.35 53 18 
DNA 0.425 0.04 0.04 91 91 
10mM: colorimetric assay 
protein 0.416 0.21 0.38 50 9 
DNA 0.516 0.18 0.18 65 65 
50mM: radiolabelling assay 
protein 0.425 0.0 0.0 100 100 
RNA 0.425 0.0 0.0 100 100 
DNA 0.425 0.0 0.0 100 100 
Fig. 4.3. Incorporation of radioactive precursors into macromolecules in 
Escherichia coli K 12 UB 1134 in the presence of 5mM propionic (") and 10mM 
formic (0) acids at pH 5. Controls contained pH 5 buffer only (U ). Two or 
three replicate experiments were performed as described in Methods (see section 
2.12. ). 
Figure Incorporation of: 
Fig. 4.3a. leucine into protein 
Fig. 4.3b. uracil into RNA 
Fig. 4.3c. glycerol into lipid 
Fig. 4.3d. N-acetyl glucosamine into cell wall 



















































































Fig. 4.4. Inner membrane polypeptide profile of Escherichia coli K12 UB 1139 
incubated with 5mM propionic acid. Samples were taken 20min (A), 50min (B) 
and 80min (C) after addition the acid. Inner membranes were isolated and 
polypeptides separated by one-dimensional gradient acrylamide gel 
electrophoresis as described in Methods (see sections 2.14. and 2.15. ). The 
position to which polypeptides of known molecular weight (mwt) migrated are 
shown on the right. 













Fig. 4.5. Outer membrane polypeptide profile of Escherichia cols K I. UB 1 139 
incubated with 5mM propionic acid. Samples were taken 20min (A), 50min (B) 
and 80min (C) after addition of acid. Outer membranes were isolated and 
polypeptides separated by one-dimensional gradient acrylamide gel 
electrophoresis as described in Methods (see sections 2.14. and 2.15. ). The 
position to which polypeptides of known molecular weight (mwt) migrated are 
shown on the right. 
X- omp F and C Y- omp A 
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Fig. 4.6. Protoplasmic polypeptide profile of Escherichia coli K 12 UB 1139 
incubated with 5mM propionic acid. Samples were taken at 20min (A), 50min 
(B) and 80min (C) after addition of acid. Protoplasm was isolated and 
polypeptides separated by one-dimensional acrylamide gel electrophoresis as 
described in Methods (see section 2.14. and 2.15. ). Bands 1-8 are polypeptides 













". ý :. ý4 
uýgpiM F . ý, ýal! ý SXsiý e -6 -f-2 4 
-x-16 
Table 4.3. The proportional (%) change in the production of eight protoplasmic 
polypeptides from cultures of Escherichia coli K12 UBI 139 incubated with 
5mM propionic acid. The relative proportion of the 8 polypeptides in samples 




proportional (%) change 
50min 80min 
1 77 0 +56 
2 75 - 38 - 38 
3 72 - 33 0 
4 69 0+ 71 
5 57 0- 24 
6 23 + 21 0 
7 22 - 63 + 51 
8 16 + 65 0 
CHAPTER 5 




Since DNA synthesis in E. coli K12 UB1139 is particularly sensitive to formic 
and propionic acids, the first experiments described in this chapter were 
designed to explain more fully the basis of the inhibition. DNA synthesis may 
be inhibited by one or more of several possible mechanisms. For instance, DNA 
synthesis is inhibited when thymine becomes limiting (Zaritsky & Woldringh 
1978) and this situation could arise if cells are unable to accumulate the 
precursor, with the result that the intracellular pool is drained. The observed 
decrease in the rate of DNA synthesis may therefore be a secondary effect of 
substrate transport inhibition. Indeed, short-chain organic acids are known to 
inhibit the uptake of alanine (Eklund 1980) and glycine (Sheu et al. 1973) by 
E. coli. Alanine shares a transport mechanism with glycine (Anraku 1978) as well 
as being transported by a specific protein membrane carrier (Wilson & Smith 
1978). However, a specific transport system for thymine has not yet been 
described in E. coli (Zaritsky & Woldringh 1978). 
Inhibition of DNA replication' by limiting thymine induces the SOS 
response. The SOS response is also induced by treatment of cells with nalidixic 
acid, ultra-violet irradiation, alkylating agents and cross-linking agents. The 
º... SOS response is a bacterial regulatory system which recognises DNA damage or 
inhibition of DNA replication and temporarily arrests cell division for the 
duration of the DNA repair process (see review by Little & Mount 1982). The 
complex series of reactions that make up the SOS response are under genetic 
control. During normal exponential growth, the lexA gene product represses 
SOS target genes. When DNA is damaged an inducing signal activates the RecA 
protein to a proteolytic form which cleaves and inactivates LexA. The SOS 
genes are then expressed at higher levels. When repair is complete production of 
the activating inducer drops, the proteolytic activity of RecA is lost and LexA 
accumulates again to repress the SOS genes. To test whether inhibition of DNA 
synthesis by formic or propionic acid induces the SOS response a series of 
E. coli K12 mutants affected in aspects of DNA repair were screened for 
susceptibility to a range of concentrations of the acids. The mutants of the 
parent strain JC3272 were: 
1) unable to initiate an SOS response (strain JC6310), 
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2) lacking DNA polymerase I activity (strain UB2272) i. e. unable to add 
nucleotide monomers to the end of a DNA strand or 
3) deficient in excision repair (strain UB2274). 
A physical manifestation of an ongoing SOS response is inhibition of 
septum formation which results in filamentation of cells (Little & Mount 1982). 
Since the size of UB 1139 cells was predicted to change during the period 
following incubation with sublethal concentrations of acid (section 4.3. ) the 
dimensions of cells were investigated in more detail. Changes in cell size can be 
determined accurately using electronic particle counters e. g. a Coulter counter 
(Smither 1975). However, this method provides no information on how the 
shape of the cell is modified. Accordingly, whole cells of UB 1139 were 
visualised by electron microscopy (described in section 2.16. ) and the perimeter 
of longitudinally cut cells was measured using a computerised image analyser. 
Cell length and breadth were then calculated automatically by a "Vids" 
computer programme (section 2.16. ). Samples were taken every 20 minutes for 
up to an hour after the resumption of cell division i. e. 2h and 3h after the 
addition of 5mM propionic and 10mM formic acid respectively (from results 
described in section 4.2.1. ). 
Escherichia coli K12 UB 1139 is resistant to nalidixic acid and is 
auxotrophic for thymine. The potential of a mutation in thymine metabolism to 
affect DNA synthesis was described earlier in this introduction. Nalidixic acid 
inhibits DNA gyrase (topoisomerase II), an enzyme which introduces negative 
supercoils into DNA (Smith 1985). Prokaryotic DNA occurs as covalently closed 
circles which maintain a left-handed (negative) helical structure. During 
replication, the DNA strands are unwound, increasing positive supercoiling 
ahead of the replication fork which, if unrelieved, results in the impedance of 
the fork? s progress. DNA gyrase introduces negative supercoils into the 
unreplicated portion. The mechanism of resistance of UB 1139 to nalidixic acid 
has not been described but it may modify DNA synthesis in such a way as to 
increase the sensitivity of DNA to the presence of organic acid. Therefore, in 
order to confirm whether DNA synthesis is a common feature of growth 
inhibition by propionic and formic acids, a second E. coli K12 strain, W7, was 
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studied. W7 is sensitive to nalidixic acid and thy+. In addition, W7 is 
auxotrophic for di-amino-pimelic acid (DAP), a component of cell wall 
peptidoglycan. 
The effect of 5mM propionic and 10mM formic acid on W7 cell growth 
was determined (section 4.2.1. ). Cell wall synthesis was followed directly using 
radioactive DAP as a precursor, while protein and DNA synthesis, which cannot 
be followed directly, were determined from colorimetric assays (sections 2.8., 
2.9. and 2.12. ). 
5.2. RESULTS 
5.2.1. Thymine accumulation by E. coli K12 1139 
Figure 5.1. illustrates the accumulation of thymine and the proportion 
incorporated into DNA in UB 1139 cultures incubated with (b) and without (a) 
10mM formic acid. Results for cultures incubated with 5mM propionic acid 
were similar to those incubated with formic acid (see Fig. 5.1b. ). 
Thymine continued to be accumulated by cells after acid or control 
solutions were added. A large intracellular pool of precursor was present in 
both control and acid-treated cultures. 
5.2.2. Effect of formic and propionic acid on DNA repair deficient mutants of 
Escherichia coli 
The experiments described in this section were carried out by technicians at the 
Department of Veterinary Medicine, University of Bristol. The effect of 5 and 
50mM formic or propionic acid on growth of E. coli K12 JC3272 and mutants 
unable to initiate an SOS response (JC6310). lacking DNA polymerase I activity 
(UB2272) or deficient in excision repair (UB2274) was determined as described 
in Methods (section 2.7. ). 
DNA repair-deficient mutants grew slightly better at pH 5 than their 
isogenic parent strain JC3272 (Table 5.1. ). The mutant strains responded to the 
presence of propionic and formic acids in a similar manner as the parent strain. 
Cell numbers increased by approximately 2.5 log counts after 24h with 5mM 
concentrations of acid and remained essentially unchanged with 50mM 
concentrations of acids (Table 5.1. ). 
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5.2.3. Effect of sublethal concentrations of acids on cell size 
Cultures of E. coli K12 UB1139 were incubated with 5mM propionic or 10mM 
formic acid for 2h and 3h respectively in SMM. Controls were incubated with 
pH 5 CPB for 3h. Transmission electron micrographs of cells were prepared as 
described in Methods (section 2.16. ) from which the average length and breadth 
of at least 30 longitudinally cut, fully focussed cells per sampling time were 
determined. The results were evaluated using chi square. 
The average length and breadth of cells growing in SMM at pH 5 were, 
respectively, 2.25nm and 0.76nm (Tables 5.2. and 5.3. ). Cell length increased 
slightly during incubation with control and acid solutions but this increase was 
not statistically significant (P> 0.05; Table 5.2. ). A similar slight but not 
significant increase in cell breadth was also observed during the incubation 
period (P>0.05; Table 5.3. ). 
5.2.4. Effect of formic and propionic acid on E. coli K12 W7 
W7 grew with a doubling time of 50min at pH 5 in SMM (see Table 3.1. ). The 
absorbance of control cultures increased slightly faster than viable cell numbers 
in the first hour after the addition of the test solution (Figs 5.2. and 5.3. ). 
Thereafter, O. D. and viable cell counts increased at the same rate. According to 
culture turbidity values 5mM propionic and 10mM formic acid inhibited cell 
growth to a similar extent (Figs 5.2. and 5.3. ) although there were fewer viable 
cells in prdpionic acid-treated cultures (Fig. 5.2. ). A lag of 40min before cell 
division resumed was observed in cultures incubated with 10mM formic acid 
(Fig. 5.3. ) but no lag was detected in propionic acid-treated cultures (Fig. 5.2. ). 
According to radiolabelling studies SmM propionic acid and 10mM 
formic acid inhibited cell wall synthesis to a similar extent (Table 5.4). After 
180min incubation with either acid, the rate of cell wall synthesis had increased 
two fold compared to rates after 60min (Table 5.4. ). 
Rates of DNA and protein synthesis were calculated from colorimetric 
assays. These indicated that DNA synthesis was more sensitive than protein 
synthesis to the acids, and more sensitive to propionic acid (5mM) than formic 
acid (10mM; Table 5.4. ). 
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5.3. DISCUSSION 
The experiments described above show that inhibition of DNA synthesis by 
sublethal concentrations of formic and propionic acid was not due to: 
1) limitation of thymine precursor, 
2) physical damage to the DNA molecule 
(jndicated by the absence of an SOS 
response)or 
3) increased sensitivity of DNA as a result of the nalidixic acid antibiotic 
resistance mechanism. 
The size of nucleotide pools varies with the bacterial strain, the 
temperature of growth and the extent to which DNA synthesis is inhibited 
(Hosono et al. 1975). The amount of thymine in the UB 1139 pool is not 
affected by the presence of organic acids (Fig. 5.1. ). Lack of precursor is 
therefore not responsible for the slow rate of DNA synthesis in acid-treated 
bacteria. However, it is possible that unknown or unrecognised mutations in the 
genes regulating the biosynthetic pathway converting thymine via thymidine to 
the pyrimidine 2-deoxythymidine 5-triphosphate (dTTP) were the cause of the 
limit on DNA synthesis (Neuhard & Nygaard 1987). Such mutations have not 
been ascribed to E. coli K 12 strains UB 1139 and W7, both of which exhibited 
reduced DNA synthesis compared to other cellular activities. 
Mutations in key genes required for certain types of repair of damaged 
DNA do not increase the sensitivity of mutants to formic or propionic acids (5 
and 50mM; Table 5.1. ). Thus inhibition of growth by formic and propionic 
acids was not caused by physical damage to the DNA molecule. The data 
reported here for a polAl mutant exposed to formic and propionic acid is in 
contrast to results presented by Sinha (1986) where lack of polymerase activity 
in the mutant apparently increased the sensitivity of E. coli to acetic (160mM) 
and lactic (31.4mM) acids at pH 3.5. However, Sinha's (1986) experiments were 
carried out on stationary phase cultures which are more sensitive to organic 
acids than exponential phase cultures (Fay & Farias 1975) and factors other 
than the presence of organic acids may be responsible for this apparent 
paradox. 
The mutation of the recAS6 gene, which is central to activation of the 
SOS response, also does not increase the sensitivity of mutants to formic or 
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propionic acid. Further confirmation that the SOS response does not occur in 
organic acid-treated cells could be achieved by using strains in which one of 
the SOS target genes, sjiA, has been fused to the lac operon (Phillips el al. 
1987). Induction of the SOS response can then be followed quantitatively by the 
colorimetric assay for ß-galactosidase activity (Phillips et al. 1987). 
The absence of an SOS response in cells incubated with formic or 
propionic acid is indirectly confirmed by the lack of filamentation in cultures 
of UB 1139 incubated with sublethal concentrations of these acids(Table 5.2. ). 
Cell division in UB 1139 cultures incubated with 10mM formic acid is halted for 
2h (Fig. 4.2. ), and UB 1139 doubles every 60-70min (Table 3.1. ). Therefore, if 
the SOS response was induced by formic acid, the average cell length should 
have increased twofold within the 2h lag period. However, the changes in the 
length and breadth of individual cells incubated with formic acid (10mM) were 
not significant according to statistical analysis, although in cultures containing 
108 cells per ml they were sufficient to produce an increase in culture 
absorbance (Figs 4.1. and 4.2. ). No samples were prepared of cells incubated 
with 5mM propionic acid after 2h. However, results presented in chapter 9, 
which measured the size of the intracellular spaces by the distribution of 
radioactive solutes across cell membranes, indicates that UB 1139 cell size 
increases substantially after 3h incubation with 5mM propionic acid. This is 
consistent with culture turbidity measurements presented in Fig. 4.1. for 
UB 1139 and Fig. 5.2. for W7. It was suggested in section 4.3. that an increase in 
size of propionic acid-treated cells was the result of unusual fatty acids 
produced, from the metabolism of propionic acid being incorporated into cell 
membranes and subsequently altering cell size. 
Escherichia coli K12 strain W7 (doubling time 50min) grows faster than 
strain UB 1139 (doubling time 60-70min). This difference is probably 
responsible for the lack of a lag period in propionic acid-treated cultures of 
W7, and a smaller lag interval before cell division resumes in cultures incubated 
with 10mM formic acid compared to UB 1139 cultures. A hypothesis for the 
mode of action of short-chain organic acids against microorganisms is presented 
in the following chapter, in which factors affecting the response of cells to 
organic acids are discussed. 
Fig. 5.1. Accumulation of radiolabelled thymine by Escherichia coil K12 
UB 1139. Duplicate samples of cultures grown in SMM at pH5 were treated to 
determine whole cell radioactivity and radioactivity in DNA (see section 2.13. ). 
The difference between the two sets of radioactive counts is the size of the 
thymine cell pool. Two replicate experiments were performed. 
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Table 5.1. Growth and survival of DNA repair deficient strains of Escherichia 
coli incubated with propionic or formic acid at pH S. Values shown are changes 
in log10 cell numbers during the periods and conditions indicated. Two 
replicate experiments were performed as described in Methods (section 2.7. ). 
Strain 
A,.: a 












04 +1.51 +1.54 +2.15 +1.85 
0 24 +2.42 +2.7 +2.46 +2.37 
Propionic acid: 
54 +0.85 +1.09 +1.2 +1.1 
50 4 -0.32 -0.4 -0.03 -0.08 
5 24 +2.3 +2.46 +2.41 +2.29 
50 24 -0.66 -0.4 -0.03 -0.08 
Formic acid* 
54 +0.84 +1.03 +1.37 +1.59 
50 4 +0.08 -0.17 -0.08 -0.04 
5 24 +2.1 +2.45 +2.55 +2.38 
50 24 -0.24 -0.43 -0.03 -0.09 
Table 5.2. Effect of 5mM propionic acid and 10mM formic acid on Escherichia 
coil K12 UB 1139 cell length (nm). The length of at least 30 cells per sample 
was determined by computer using electron micrographs as described in 
Methods (see section 2.16. ). A single experiment was performed. 
Time (min) control formic acid propionic acid 
0 2.25 ± 0.28 ND ND 
20 2.40 ± 0.26 2.44 ± 0.28 2.51 ± 0.20 
40 2.29 ± 0.26 2.53 ± 0.31 2.70 ± 0.27 
60 2.42 ± 0.29 2.59 ± 0.32 2.39 ± 0.30 
80 2.66 ± 0.28 2.67 ± 0.33 2.44 ± 0.26 
100 2.50 ± 0.33 2.67 ± 0.31 2.44±0.28 
120 2.55 ± 0.37 2.57 ± 0.36 2.67 ± 0.28 
140 2.45 ± 0.28 2.69 ± 0.28 ND 
160 2.42 ± 0.22 2.52 ± 0.34 ND 
180 2.36 ± 0.22 2.53 ± 0.30 ND 
ND = not determined 
Table 5.3. Effect of 5mM propionic acid and 10mM formic acid on Escherichia 
coli K 12 UB 1139 cell breadth (nm). The breadth of at least 30 cells per sample 
was determined by computer using electron micrographs as described in 
Methods (see section 2.16. ). A single experiment was performed. 
Time (min) control formic acid propionic acid 
0 0.76 ± 0.04 ND ND 
20 0.79 ± 0.04 0.77 ± 0.04 0.82 ± 0.04 
40 0.79 ± 0.06 0.74 ± 0.05 0.83 ± 0.04 
60 0.79 ± 0.05 0.81 ± 0.04 0.79 ± 0.04 
80 0.75 ± 0.04 0.84 t 0.04 0.78 ± 0.04 
100 0.79 ± 0.05 0.84 ± 0.06 0.81 ± 0.04 
120 0.78 ± 0.04 0.73 ± 0.04 0.88 ± 0.05 
140 0.79 ± 0.03 0.82 ± 0.05 ND 
160 0.79 ± 0.04 0.81 ± 0.05 ND 
180 0.81 ± 0.05 0.83 ± 0.04 ND 
ND = not determined 
Fig. 5.2. Effect of 5mM propionic acid on growth of Escherichia coli K12 W7 
at pH 5. Culture absorbance (675nm, circles) and viable cells per ml (triangles) 
were determined from three replicate experiments as described in Methods (see 
section 2.7. ). 




















































Fig. 5.3. Effect of 10mM formic acid on growth of Escherichia coli K12 \V7 at 
pH 5. Culture absorbance (675nm; circles) and viable cells per ml (triangles) 
were determined from three replicate experiments as described in Methods (see 
section 2.7. ). 


























0 0.5 1 1.5 234 
































Table 5.4. The effect of 5mM propionic acid and 10mM formic acid on rates 
of cellulär synthesis in Escherichia coli K12 W7. Cell wall synthesis was 
determined by incubating W7 cultures with radioactive di-amino-pimelic acid 
as a precursor (see section 2.12.5. ). DNA and protein synthesis were determined 
from colorimetric assays (described in sections 2.8. and 2.9. ). Three replicate 
experiments were performed. 
Synthesis 
Rate of synthesis 
(units per minute) 
Inhibition (% 
of control) 
control 60min 180min 60min 180min 
5mM propionic acid: 
cell wall 0.475 
protein 0.416 
DNA 0.516 
10mM formic acid: 
cell wall 0.475 
protein 0.416 
DNA 0.516 
0.17 0.33 64 31 
0.3 0.3 28 28 
0.18 0.18 65 65 
0.25 0.36 47 24 
0.3 0.3 28 28 
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6.1. INTRODUCTION 
Studies on the antimicrobial activity of organic acids have concentrated upon 
their effect on energy generation by bacteria and fungi (e. g. Freese et al. 1973; 
Hunter & Segal 1973; Sheu et al. 1975; Eklund 1980; Salmond et al. 1984; 
Herrero et al. 1985) although a primary target for their action has not yet been 
identified. From results described in chapters 3,4 and 5 and published 
information, I propose the following hypothesis for the antimicrobial activity of 
short-chain organic acids based on the potential of acids to provide two 
inhibitory agents, namely the anion and the proton. It is unlikely, however, that 
a primary target can be assigned to either anion or proton. Instead, inhibition of 
cell growth by organic acids should be considered to result from a number of 
events influenced by both anion and proton. 
The possible events leading first to stasis and eventually to death are 
described below, followed by a discussion of facts to support the hypothesis. In 
addition, a number of experiments are proposed which are expected to 
corroborate the proposed mode of action. The results of some of these are 
presented in chapters 7,8 and 9. 
6.2. HYPOTHESIS FOR THE MODE OF ACTION OF SHORT-CHAIN 
ORGANIC ACIDS AGAINST GRAM-NEGATIVE BACTERIA 
6.2.1. Accumulation and behaviour of organic acids in cells 
Once the undissociated acid has crossed the cytoplasmic membrane it dissociates 
into anion and proton according to the intracellular pH. 
6.2.2. Effect of the proton and anion 
Excess protons unbalance the homeostatic mechanisms regulating the proton 
motive force and related functions, including solute transport and maintenance 
of internal pH (pH1). Specifically, the resulting drop in pHi causes a general 
reduction in cellular activity because of the dependence of maximal catalytic 
activity on an optimum (usually slightly alkaline) pH and adequate energy 
supplies in the form of ATP. 
The anion might inhibit DNA synthesis, possibly by interfering with the 
conformation of the DNA molecule and consequently restricting 1M4. nxrjf3T; an 4 
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the base sequences by DNA dependent RNA polymerase into mRNA. The anion 
Mkqtýdalso affect ATPase function. 
6.2.3. Recovery of cells from bacteriostatic concentrations of organic acid 
Cells in metabolic stasis can recover if they are placed in fresh medium without 
organic acids and provided that exposure to high acid concentration and acid 
pH has not been long enough to denature, irreversibly, cellular constituents. 
Primarily the cell alleviates the drop in pHi. Excess protons are removed from 
the cell by, for example, membrane bound FOF 1 ATPase and the electron 
(respiratory) chain. The resulting rise in pHi allows macromolecular synthesis, 
apart from DNA synthesis, to recover. Cell growth, with limited cell division, 
then continues. 
6.2.4. Cell death mediated by organic acids 
The increasing concentration of protons inside the cell as acid concentration 
increases places an intolerable strain on the cell's ability to maintain a 
transmembrane electrochemical proton gradient and pHi. At a certain 
concentration of acid a threshold value is reached which completely dissipates 
the proton motive force and lowers the pHl to equal that of the external 
medium. The resulting acid pHi denatures proteins, inactivates enzymes and 
leads to a reduction in the ce11t energy charge (defined in section 6.3.4. ). The 
cumulative result of these effects is metabolic stasis and, eventually, cell death. 
6.3. CURRENT EVIDENCE SUPPORTING TIIE HYPOTHESIS 
6.3.1. Accumulation and behaviour of organic acids in cells 
At present the mode of entry of short-chain organic acids into bacteria is 
unclear. Three possible mechanisms were discussed in the General introduction 
(section 1.4. ), namely accumulation by passive diffusion (Salmond et a!. 1984), 
transport by activated carrier proteins (Vanderwinkel et al. 1968; Weisenborn et 
al. 1989) or uptake by a transmembrane pH gradient (Cramer & Prestgard 1977; 
Chu et al. 1987). There is general agreement, however, that the uncharged 
undissociated acid molecule traverses the membrane and then dissociates inside 
the cell according to the intracellular pH (e. g. Cramer & Prestgard 1977; Ramos 
63 
& Kaback 1977; Salmond et al. 1984). 
At an external pH (pHo) of 5.7, the pHi of E, coli is 8.2 (Lagarde 1977) 
which would cause 99.99% of formic and 99.97 % of propionic acid to 
dissociate into anion and proton (section 1.3.2., Eqn. 1.3. ). The excess protons in 
the cell as a result of this dissociation have generally been accorded the 
antimicrobial activity by acidifying the cell (Baird-Parker 1980). However, 
indirect evidence suggests that the anion also contributes to inhibition. For 
instance, mineral acids are less active than organic acids as anti-microbial 
agents (Reynolds 1975) and esterification of carboxyl groups in organic acids makes 
13 em less effective as antimicrobial agents (Wyss et at. 1945; Kabara et al. 1972). 
Eklund (1983) proposed a mathematical model which could be used to calculate 
the relative importance of the acid and anion in the inhibition of cell growth. 
He concluded that as pH approached neutral the anion (e. g. sorbate, benzoate 
and propionate) played an increasing role in growth inhibition (Eklund 1983 
and 1985). 
6.3.2. Effect of the proton and anion 
The electrochemical proton gradient and its role in substrate transport and 
regulation of pHi was described in the General Introduction (section 1.5.1. ). It 
relies on the relative impermeability of the cytoplasmic membrane to protons 
and ions. The inter-relationship between proton flux, ATP regeneration and 
substrate and ion transport (Fig. 6.1. ) makes the cell vulnerable to an imbalance 
in pHi on which the functioning of these mechanisms ultimately depend. 
The uptake of solutes such as alanine and glycine is inhibited by organic 
acids (Freese et al. 1973; Sheu et al. 1975; Eklund 1985). However, Eklund 
(1985) concluded that inhibition of solute uptake was not a primary target of 
organic acids. It is possible that the reduced uptake of these solutes in the 
presence of organic acids reflects a strategy of the cell to limit proton entry via 
secondary transport mechanisms such as symports and antiports (see A and C in 
Fig. 6.1. ). Such a strategy, termed "gating", is thought to enable bacteria to 
survive under starvation conditions by restricting metabolism (Dawes 1986). 
Although long-term pH homeostasis in E. coli is excellent, short-term 
failure occurs when pHo is changed suddenly in the acid direction (Slonczewski 
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el al. 1982). Even in buffered medium (pHo 5), the addition of 2mM propionic 
acid reduces the pHl to 6.8 (Salmond et al. 1984). 
The structure and function of proteins is affected by pH (section 1.5.2. ). 
On either side of an optimum pH enzyme activity is reduced, while at extremes 
the protein is denatured. Individual enzymes specifically inhibited by sorbic 
acid, such as fumarase and aspartase, have been identified (section 1.6.3. ). 
However, although inhibition of the growth of Saccharomyces cereviseae is 
caused by sensitivity of the glycolytic enzyme phosphofructokinase to acid pHi, 
there is also a concomitant fall in ATP concentration in inhibited cells (Krebs et 
al. 1983). 
Limitation of ATP causes inhibition of cell growth (Chapman et al. 
1971). The adenine nucleotides, adenosine mono-, di- and tri-phosphates 
(AMP, ADP, ATP) stoichiometrically couple metabolic processes of the living 
cell. The amount of metabolically available energy or "energy charge" can be 
calculated from: 
Eqn. 6.1. [(ATP) +1 /2(ADP)j 
[ATP)+ rAD13 + [AMP] 
During normal growth the energy charge in E. coli is 0.8.0.9 (Chapman 
et al. 1971). When ATP utilisation exceeds ATP regeneration, the energy charge 
decreases as does the activity of regulatory enzymes such as those involved in 
biosynthetic reactions (Chapman et al. 1971). 
The energy contained in ATP is released by ATPase, a 
membrane-bound complex made up of two components Fo and FI (Fig. 6.1. ). 
ATPase also works in the reverse direction to generate ATP from ADP and 
P04". Since the optimum pH of ATPase is alkaline 8. the rates of the reactions 
it catalyses would be expected to be reduced by acid pHi. Indeed dissociation of 
FoF1 into the component structures occurs after washing with low ionicL6r low 
pH solutions (Maloney 1987). Thus although the immediate effect of protons is 
acidification of the cytoplasm, the secondary effects of acid pHi, e. g. in 
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reducing energy regeneration, are equally important in the inhibition of cell 
growth. 
There are no published reports that the organic acid anion specifically 
interferes with DNA synthesis. The hypothesis is based on the results (chapters 
4 and 5) showing that organic acids inhibit DNA synthesis and unpublished 
observations (Eklund, personal communication). In Eklund's study, RNA and 
DNA synthesis was followed at pH 7.4 in toluenised E. coli cells treated with 
sodium benzoate and propionate. Neither compound (at 100mM) inhibited RNA 
synthesis although DNA synthesis was inhibited by approximately 40%. Since 
Eklund used organic acid salts, there was no input of excess protons inside the 
cell and the anion may therefore be responsible for inhibition of DNA 
synthesis. 
The importance of DNA supercoiling (see section 5.1. ) in influencing (as 
well as being influenced by) gene transcription is now recognised (Higgins et al. 
1988; Pruss & Drlica 1989). Cellular processes which are sensitive to changes in 
supercoiling include transcription, chromosome replication and recombination 
(Drlica 1984 and 1987; Wang 1985). DNA supercoiling is affected by osmotic 
stress (Higgins et al. 1988), temperature (Ueshima et al. 1989), nutrient shifts 
(Blake & Gralla 1987) and aeration (Yamamoto & Droffner 1985). The change 
in supercoiling is thought to induce the transcription of novel proteins which 
then enable the cell to adapt to the new environment. The opposing interaction 
between topoisomerases and DNA gyrase maintain supercoiling in vivo but it is 
not known how these enzymes are themselves regulated. Higgins et al. (1988) 
have shown that increased K+ levels in the cell alter DNA supercoiling. It can 
be speculated that anion (R000") also affects the structure or topology of 
DNA, thereby affecting chromosome replication and gene expression without 
inducing an SOS response. 
Anions such as I-, N03- and SO42- inhibit the proton translocating 
ATPase (Arai et al. 1989). Two separate mechanisms of inhibition are proposed: 
1) I" and N03- (in the presence of ATP) cause inhibition by dissociation of 
the (H+)-ATPase complex; 2) SO42- and N03- (in the absence of ATP) cause 
inhibition by attachment to a specific anion binding site on the enzyme. The 
RCOO" anion may also inhibit ATPase by these mechanisms. 
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6.3.3. Recovery from bacteriostatic concentrations of organic acid 
Using 31 phosphorous-nuclear magnetic resonance (31 P-NMR) spectroscopy, 
Slonczewski et al. (1982) demonstrated that 100mM benzoate acidified the 
cytoplasm of E. coli by 0.4 pH units to 7.2 (pHo 7.5) within 30sec of its addition 
and that pHi rose 2min later to 7.5. As pHo decreased, less acid was needed to 
produce the same effect. It was concluded that primary pumps (see D and E in 
Fig. 6.1. ) removed excess protons to relieve pHi (Slonczewski 1982). Salmond et 
al. (1984) found that benzoic, acetic and propionic acids (2mM) reduced pHi in 
E. coli within 20sec but there was no significant change in pHi after the initial 
drop. However, the duration of the experiment was not stated and as the 
medium was buffered to 5.0 it is possible that pHi takes longer to recover at 
acid pHo. 
If E. coli cells, which have been treated with high concentrations 
(>100mM) of organic acids at acid pH (<4), are placed in fresh medium without 
organic acids, surviving cells can be cultured (Przybzlski & Witter 1979). The 
functions required by cells for recovery have been identified as RNA synthesis, 
protein synthesis and electron transport (Blankenship 1981). However, 
Blankenship's results were based on the number of viable cells in recovery 
medium containing different antibiotics after A. A more sensitive method 
would have been to follow cellular synthesis itself, for instance, by* following 
incorporation of radioactive precursors into macromolecules. 
The ATPase components, Fo and F1, can reassociate and continue their 
SrpA3 it, functions when they are removed from a low ioniclor low pH environment 
(Maloney 1987). It can be envisaged that with energy intermediates being 
replenished, the cell can regenerate a ApH, raise pHi and synthesise RNA and 
proteins in order to provide the intracellular conditions for subsequent cell 
growth. 
6.3.4. Cell death 
Cell death can be defined in a number of ways. For instance, Chapman et al. 
1971 considered cells to be dead when their energy charge dropped below 0.5 
(Chapman et al. 1971). A dead cell can also be defined as one which cannot be 
resuscitated, implying that a vital structure or function has been irreparably 
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damaged e. g. lesions in the cell wall which cause lysis. In the case of organic 
acids, cell death probably results from irreversible denaturation of proteins 
following prolonged exposure to high concentrations (>50mM) of acid at low 
(<6) pH. Alteration to the cell cytoplasm, such as filamentation and clumping of 
nuclear material, was observed in E. coli cells incubated with 500mM 
concentrations of formic and propionic acids (described in chapter 3), although 
it was not possible to show that such cells were non-resuscitable. Similarly, 
although acidification of the Bacillus acidocaldarius cytoplasm caused fine 
structural changes to the cytoplasmic contents and was accompanied by a 
pronounced loss of viability (Guffanti et al. 1979), it was not possible to 
conclude that these structural changes caused cell death. 
6.4. FURTHER STUDIES WHICH WOULD PROVIDE EVIDENCE TO 
SUPPORT THE HYPOTHESIS 
Many of the cell functions and structures which were suggested above to be 
sensitive to the presence of organic acids are not fully characterised even under 
"model" conditions (unlimited nutrients, pH neutral, optimum temperature) e. g. 
ATPase, pHi regulation, DNA replication. As a result there is little 
understanding of the inter-relationship between cell functions and their 
co-ordinated response to external stimuli. A major drawback is the lack of 
sensitive methods for monitoring cell activities such as changes in pHi, ion 
movement and DNA supercoiling, particularly in vivo. 
In order to produce a clearer understanding of the response of E. coli to 
acidity and organic acids, studying the effect on cell functions of the following 
is necessary: 
1) increasing concentrations of organic acid, 
2) prolonged incubation with sublethal concentrations of organic 
acid, 
3) mineral acids and 
4) salts of organic acids. 
The following section describes, briefly, experiments, the results of 
which would help to corroborate the hypothesis. References are cited in which 
appropriate methods have been employed. 
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6.4.1. Metabolism of organic acids 
The hypothesis suggests that an excess of anion interferes with DNA synthesis 
by adversely affecting the topology of the DNA molecule. Yet the cell possesses 
the enzyme systems to metabolise formic and propionic acid'(section 1.4.4. ). 
This apparent paradox can be investigated by using radiolabelled acid and 
following the accumulation of radioactivity into cell macromolecules during 
growth in the presence of the appropriate organic acid. 
6.4.2. ATP content 
a) ATP content of bacterial cells can be measured by the firefly bioluminescence 
assay. Firefly luciferase requires activation by ATP and the subsequent release 
of energy in the form of photons of light which can be quantified by liquid 
scintillation counters (Cole et al. 1967). 
b) The concentration of adenine nucleotides ATP, ADP and AMP can be 
determined according to the method of Chapman et al. (1971) in order to 
calculate the energy charge of acid treated cells. 
6.4.3. Internal pH 
A number of methods for measuring pHi have been reported for both alkaline 
and acid pHo, namely, fluorescent dyes (Rottenberg 1979; Waggoner 1979), 
31P-NMR spectroscopy (Knowles 1976) and the distribution of radioactive 
solutes across the cell membranes (Booth et al. 1979; Kroll & Booth 1981). 
6.4.4. Proton motive force (pm!, Op) and electrical gradient (AO) 
Ap and Dpi (section 1.5.1. ) may be determined from the distribution across the 
cell membrane of, respectively, radioactive weak acids and radioactive ions 
(Ramos & Kaback 1977; Rottenberg 1979). 
6.4.5. Cell metabolism 
Nigericin completely dissipates ApH and as a consequence pHl - pHo (Guffanti 
et al. 1979; Rottenberg 1979). By manipulating pHo, the value of pH, can be 
lowered gradually and the effect of decreasing pH on cell metabolic processes 
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can be assessed e. g. by using radiolabelled precursors to follow cellular 
synthesis. 
6.4.6. DNA supercoiling 
In vivo DNA supercoiling can be monitored by determination of the relative 
distribution of topoisomers of a reporter plasmid. Topoisomers of purified 
plasmid DNA are separated by electrophoresis in agarose gels (Higgins el al. 
1988). 
The following three chapters report the effect of sublethal 
concentrations of formic (10mM) or propionic (5mM) acid on, respectively: 
1) organic acid metabolism (described in section 6.4.1. ), 
2) ATP levels (section 6.4.2a. ) and 
3) cytoplasmic pH (section 6.4.3. ). 
Fig. 6.1. Activities of the cytoplasmic membrane in Escherichia coli involving 
proton transfer (after Hinkle & McCarty 1978). 
A symport (secondary transport system) 
B flagellum 
C antiport (secondary transport system) 
D electron transport or respiratory chain (primary proton pump) 
FAD, FeS = iron-sulphur flavoproteins 
Q= ubiquinone 
b, o- cytochrome oxidases 
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The hypothesis for the mode of action of short-chain organic acids against 
Gram-negative bacteria described in chapter 6 proposes that the acid anion 
exerts an inhibitory effect on DNA synthesis by interfering with the topology 
of the DNA molecule. The rate of DNA synthesis is reduced during the 4 hour 
incubation with propionic (5mM) and formic (10mM) acids despite the 
occurrence in E. coli of enzymes that metabolise formic or propionic acid. The 
experiment reported in this chapter investigates whether propionic acid (initial 
concentration 5mM) is metabolised during a. zh period. 
The precise pathway of propionate metabolism is still not clear (Nunn 
1987). At least two pathways have been identified, i) cc oxidation to pyruvate 
(considered the major route of metabolism) and ii) metabolism via the 
hydroxyglutarate pathway (Fig. 7.1., Kay 1972; Spratt et al. 1981). In both 
instances, the end product is further metabolised via the citric acid cycle (see 
Fig. 1.3. ) to provide carbon skeletons for the biosynthesis of e. g. amino acids 
and nucleic acids. Therefore, if the enzymes for propionic acid metabolism are 
active, cells incubated with radiolabelled propionic acid will eventually 
incorporate the label into macromolecules. 
A comparable experiment for formic acid is not possible. During aerobic 
growth formate dehydrogenase oxidises formic acid to CO2 and 112 and pumps 
the resulting protons across the cytoplasmic membrane concomitant with the 
flow of electrons through the electron transport (respiratory) chain (Knappe 
1987; Fig. 6.1d. ). In this case, the radioactivity of the gaseous environment 
would have to be monitored to establish if formic acid metabolism occurred. 
This experiment was not attempted. 
7.2. RESULTS 
7.2.1. Accumulation and metabolism of propionic acid by Escherichia coli K12 
The accumulation of radioactivity in whole cells and macromolecules of 
Escherichia coli K12 U81139 incubated with radioactive propionic acid (5mM) 
is illustrated in Fig. 7.2.. Radioactivity from propionic acid occurred in cells 
and also in macromolecules by the time the first sample was removed i. e. 30 
seconds after the addition of labelled acid to growing cultures. Radioactivity 
N 
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increased linearly in whole cell samples and in macromolecules insoluble in cold 
and hot tri-chloro acetic acid (TCA) throughout the 2h incubation, although 
radioactivity in whole cells accumulated at a faster rate. 
Cellular material that was insoluble in cold TCA contributed up to 50% 
of the radioactivity found within cells (Table 7.1. ). Up to 70% of the 
radioactivity in cold TCA precipitate was also insoluble in hot TCA (Table 
7.1. ). 
7.3. DISCUSSION 
Propionic acid is accumulated and metabolised rapidly (within 30 sec) by E. coli 
growing at pH 5.0. This indicates that the enzymes for propionic acid 
metabolism were already expressed when the acid was added and continued to 
operate throughout the experiment i. e. the addition of propionic acid (5mM) 
does not arrest its own metabolism. 
However, acid was accumulated faster than it was metabolised such that 
only about 50% of the acid was present in material that was insoluble in cold 
TCA. The remainder of the acid was present in the cytoplasm as TCA soluble 
intermediates of propionic acid metabolism, or as "free" anion which is, 
presumably, able to bind to the DNA. Therefore, the hypothesis that continual 
inhibition of DNA synthesis was achieved by disruption of DNA morphology or 
topology as a result of anions binding to the DNA molecule, is still an 
acceptable explanation in the light of the results presented here. 
Lipids, DNA, RNA, proteins and peptidoglycans are insoluble in cold 
TCA while protein and peptidoglycan are also insoluble in hot TCA (Hanson & 
Phillips 1981). From analysing the radioactivity in both samples (Table 7.1. ) the 
majority of propionic acid was found to have been metabolised into cell 
proteins and peptidoglycans. However, it is not possible to conclude from this 
experiment how much of the radioactivity in the cold TCA precipitate was 
present in DNA alone and if so, whether it was from incorporation of 
radioactive precursors into the molecule or from anion bound to the molecule. 
However, if the interaction of the anion with DNA withstands TCA treatment, 
the implication is that they are bound covalently. 
Fig. 7.1. Known pathways of propionic acid metabolism in Escherichla cola 
(after Kay 1972). 
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Fig. 7.2. Accumulation and metabolism of propionic acid by Escherichia coil 
K12 UB 1139. Cultures were incubated at pH 5.0 in SMM with radiolabelled 
propionic acid (5mM). Radioactivity (cpm/ml) in whole cells (ý. -. _) and 
cellular material insoluble in cold (S" "".. " ") and hot (4 -- ") tri-chloro-acetic 
acid (TCA) was determined in two replicate experiments as described in 




















TIME (min) AFTER ACID ADDED 
30 60 90 120 
Table 7.1. Distribution of radioactivity in whole cells and cellular material in 
cultures of Escherichia coli K12 U131139 incubated with radiolabelled propionic 
acid (5mM) at pH 5.0. Two replicate experiments were performed as described 





Proportion (%) of cellular radioactivity 
from material insoluble in: 
cold TCA* hot TCAt 
0.5 9 6 
1.5 9 7 
2.5 8 4 
3.5 9 5 
4.5 14 9 
5.5 15 9 
6.5 15 10 
7.5 15 9 
10 28 18 
15 29 19 
20 29 19 
40 52 36 
60 38 26 
80 53 35 
100 49 36 
120 42 30 
* 
cold TCA precipitate contains lipid, RNA, DNA, protein and 
peptidoglycan t hot TCA precipitate contains protein and peptidoglycan 
(Hanson & Phillips 1981). 
CHAPTER 8 
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8.1. INTRODUCTION 
The hypothesis for the mode of action of short-chain organic acids against 
Gram-negative bacteria described in chapter 6 proposed that the ATP 
concentration in acid-treated cells would fall as a result of the sensitivity of 
ATPase to acid pHi and anions. The subsequent reduction in "energy charge" 
would produce a concomitant reduction in the activity of enzymes that were 
dependent on ATP. 
During logarithmic growth the rate of ATP synthesis in E. coli is in 
balance (Cole et al. 1967). Although the turnover of ATP is rapid, ATP pools 
remain constant in size (Holms et a!. 1972). There is no simple relationship 
between growth rate and ATP pools (Holms et al. 1972). However, alterations in 
the rate of both growth and ATP synthesis e. g. by limiting nutrients or 
changing from aerobic to anaerobic conditions, occur simultaneously although 
the rate of change of the ATP pool is slower (Cole et al. 1967; Holmset al. 
1972). 
Exposure of Bacillus subtilis, E. coli, Saccharomyces cereviseae and 
Penicillium chrysogenum to organic acids is followed by a fall in ATP levels 
(Hunter & Segal 1973; Sheu & Freese 1973; Freese et al. 1973; Sheu et a!. 1975). 
The fall in ATP concentration is greatest in B. subtilis and least in E. coli (Freese 
et a!. 1973; Sheu et at 1975). However, the specific effectrof formic and 
propionic acids on ATP levels in E. coli were not reported. 
ATP is conveniently assayed by the firefly bioluminescence assay. 
Luciferin is activated by an enzymic reaction with ATP to form luciferyl 
adenylate. This compound reacts with molecular oxygen resulting in its 
decarboxylation to oxyluciferin accompanied by emission of light (Fig. 8.1. ). 
Under specific assay conditions, the emission of light (recorded in a liquid 
scintillation counter) is proportional to the quantity of ATP present (section 
2.11. ). This technique was used to determine the effect of sublethal 
concentrations of formic and propionic acids on ATP content in E. coli cells 
grown at pH 5.0. 
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8.2. RESULTS 
8.2.1: Effect of acids on ATP content of Escherichia soli K12 UB1139 
ATP content and culture turbidity were determined in duplicate samples for 
each time point. Culture turbidity increased in a linear fashion although at 
lower rates in acid-treated cultures compared to controls (Figs 8.2,8.3. and 
8.4. ). 
Fluctuations in ATP content were observed in all cultures (and were 
reproducible in replicated experiments). In controls, ATP content increased and 
then decreased sharply 5 and 10 min respectively after addition of the control 
solution (pH 5 citrate/phosphate buffer, CPB; Fig. 8.2. ). The ATP content then 
remained constant for approximately 40 min before increasing in balance with 
increasing culture turbidity (Fig. 8.2. ). A similar fluctuation in ATP content 
was observed in acid-treated cultures except that the time interval for each 
stage was longer. In propionic acid-treated cultures the initial increase in ATP 
peaked after 60min and decreased in the following 60 min (Fig. 8.3. ). In the 
presence of formic acid, ATP peaked after 30 min then declined in the next 90 
min (Fig. 8.4. ). The ATP content in both formic and propionic acid-treated 
cultures then increased steadily (after 120min incubation) and in balance with 
the increase in culture turbidity (Figs 8.3 and 8.4). 
8.3. DISCUSSION 
Cole et al. '(1967) reported periods of both over-and under- production of ATP 
during logarithmic growth of E. coli which did not necessarily correlate to 
changes in growth rate. They were unable to relate these fluctuations to any 
specific growth condition. A similar tendency to over- and to under-produce 
ATP was observed in control as well as in acid-treated cultures in the 
experiments described here. A factor common to all cultures in this experiment 
was their dilution (in the ratio 5: 1) with the acid or control solutions. This 
suggests that during growth at pH 5.0 the perturbation (dilution) is (sensed and 
responded to by E. coli cells even though, in controls, there is no associated 
effect on macromolecular synthesis (see chapter 4). Unfortunately, this means 
that no conclusions can be drawn about the immediate effect of the addition of 
propionic and formic acid on ATP levels in the cell. 
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Reduction in ATP concentrations could result from: 
a) increased hydrolysis of ATP, 
b) decreased synthesis of ATP or 
c) denaturation of the ATP molecule. 
Sublethal concentrations of formic or propionic acid did not denature ATP 
since the level of ATP in acid-treated cultures did not decrease. However, 
considering the speed with which ATPGkrns over in growing cells, it would be 
difficult to determine whether the fluctuations in ATP levels were due to 
increased ATP hydrolysis or decreased ATP synthesis. 
ATP levels in formic and propionic acid-treated cultures increased 
parallel to culture turbidity after 120min (Figs 8.3. and 8.4. ) This lag period 
resulted in acid-treated cultures containing a lower concentration of ATP per 
cell mass than controls. The decrease in cell ATP levels is consistent with the 
proposal that macromolecular synthesis in acid-treated cells is limited by 
reduced supplies of ATP. 
"I 
Fig. 8.1. The firefly cycle (after Lehninger 1982). 
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Fig. 8.2. ATP levels in Escherichia coli K 12 UB 1139 grown at pH 5.0 in SMM. 
ATP concentration (pM per ml) and culture absorbance (675nm) was 
determined in three replicate experiments as described in Methods (sections 
2.7.1. and 2.11. ). 
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Fig. 8.3. ATP levels in Escherichia coli K 12 UB 1139 growing at pH 5.0 in 
SMM following the addition of propionic acid (5mM) at time 0. ATP 
concentration (pM per ml) and culture absorbance (675nm) were determined 
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Fig. 8.4. ATP levels in Escherichia coli K 12 UB 1139 growing at pH 5.0 in 
SMM following the addition of formic acid (10mM) at time 0. ATP 
concentration (µM per ml) and culture absorbance (675nm) were determined 
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EFFECT OF SHORT-CHAIN ORGANIC ACIDS ON 
ESCHERICHIA COL1 CYTOPLASMIC p11 
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9.1. INTRODUCTION 
The hypothesis for the mode of action of short-chain organic acids against 
Gram-negative bacteria described in chapter 6 proposed that dissociation of the 
acid molecule inside the cell acidifies the cytoplasm and as a consequence the 
rates of macromolecular synthesis are reduced. The extent of the drop in pHi is 
dependent on the external pH and the concentration of the acid. If cultures are 
incubated with sub-lethal concentrations of acid the cells are able to alleviate 
the acidification of the cytoplasm and this is reflected in an increase in 
synthesis of macromolecules (except DNA). The effect of sublethal 
concentrations of formic and propionic acid on pHi of E. coli K12 UB 1139 
growing at pHo 5 is reported in this chapter. 
Three techniques can been used to measure pHi: 
1) fluorescent dyes, 
2) 31 phosphor, nuclear magnetic resonance (31P-NMR), 
3) ion distribution across membranes. 
The following section describes each method in more detail and highlights the 
drawbacks inherent in each technique. 
9.1.1. Fluorescent dyes 
The use of fluorescent dyes to determine membrane potential and internal pH 
in cells, organelles and vesicles was reviewed by Waggoner (1979) and 
Rottenberg (1979). Cyanine dyes are sensitive to membrane voltage because they 
are permeant cations. As the interior of the cell becomes hyperpolarised (i. e. 
becomes negative internally) the fluorescence of the dye, when viewed under 
ultra-violet light changes. For instance, depending on the structure of the dye, 
the cell system being studied and the experimental conditions, dye that has been 
accumulated can either: 
1) form aggregates that are non-fluorescent or 
2) bind to cell contents on the inner side of the membrane to form complexes 
that fluoresce differently. 
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The method is technically simple, allows continuous monitoring and has 
a response time of a few seconds. However, there are problems associated with 
this technique. These include: 
1) difficulty in calibration i. e. determination of millivolts per unit fluorescence, 
2) inhibition of cell function by the dye or vice versa, 
3) saturation of fluorescence at high membrane potentials and 
4) insensitivity of dyes to membrane potentials when the interior of cells is 
positively charged. 
Since the dyes are cationic, they are only useful when pHi is more acid 
than pHo and they cannot be used here where the pHi is more alkaline than the 
pHo" 
9.1.2. Nuclear magnetic resonance spectroscopy 
Magnetic resonance of biological molecules was reviewed by Knowles et al. 
(1976). NMR is a non-invasive method for monitoring the localisation and 
concentration of metabolites in bacterial cells (Campbell-Burk & Shulman 
1987). Commonly used probes are the hydrogen proton (1 H), carbon (13C) and 
phosphorus (31P). The advantage of phosphorus is that it is relatively 
abundant in biological material, being present in millimolar concentrations in 
inorganic phosphate pools, ATP, sugar phosphates and nicotinamide adenosine 
di-phosphate (NADP). Therefore, the relative amounts of these compounds can 
be determined. 
In magnetic resonance spectroscopy the specimen is bombarded with 
electromagnetic radiation, raising the energy state of the atomic nuclei. This 
results in the absorption of energy which may then be detected. The frequency 
of the resonance is a function of the local molecular environment at the nucleus 
so that nuclei in chemical groups of different kinds will have slightly different 
resonance frequencies, known as chemical shifts. The chemical shift (ppm) 
expresses the difference in frequency between the sample and a reference 
compound. A spectrum is obtained by applying a slowly varying frequency of 
radiation to a sample in a magnetic field. The plot of resonance absorption 
against frequency constitutes a nuclear magnetic resonance spectrum 
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characterised by the chemical shift, intensities, multiplicity and width of the 
signal. 
Intracellular pH can also be monitored because the chemical shift of 
several phosphorylated metabolites are sensitive to pH. Commonly, inorganic 
phosphorus (Pi) is used to determine pH. At neutral pH, inorganic phosphate 
exists mainly in the monovalent form H2P04- (0.58 ppm) and the divalent form 
HP042- (3.14 ppm). A single resonance is observed which is the weighted 
average of the chemical shifts of the mono- and di-valent forms. Thus the 
chemical shift of Pi is determined by the relative amounts of these 2 species, 
which are pH-dependent. Calibration curves are constructed by plotting 
chemical shift of Pi versus pH. When pHi and pHo differ, two resonance peaks 
are observed. Since pHo is known the internal Pi peak can be identified and 
pHi determined from the calibration curve. 
The major drawback to this technique is its relative insensitivity 
(Campbell-Burk & Shulman 1987). In order to detect physiological levels of 
many metabolites a dense suspension of cells (10-50% wet weight / volume) is 
needed. This has important implications for aeration and nutrient supplies for in 
vivo experiments. In the context of the studies described in this thesis, a further 
consideration is that high concentrations of cells may nullify the effect of the 
acids, particularly where low concentrations (5 and 10mM) are used. Therefore 
the applicability of 
31P-NMR techniques to E. coli growing at pH 5 was 
assessed. Control cultures were studied initially, since the difference in pHo and 
pHi (and therefore the distance between the NMR peaks) should be greatest in 
these cultures. To compensate for the insensitivity of the technique, four times 
the usual inoculum of overnight culture was used. 
9.1.3. Ion distribution across membranes 
This technique relies on the ability of the neutral form of acids (for acid pHo) 
and amines (for alkaline pHo) to diffuse across the membrane while the 
membrane is impermeable to ions. In addition to this property, the chemical 
must satisfy other requirements (Booth 1985), i. e. it should not 
1) be actively transported into cells, 
2) be itself metabolised, 
78 
3) interfere with cellular metabolism, 
4) exhibit non-specific binding to cell components and 
5) interact with components of the assay system. 
Acetyl salicylic, salicylic, acetic and propionic acid, which have been 
used to measure pHi previously, do not conform to these criteria (Booth 1985). 
Benzoate has also been used frequently as a probe although it is known to 
interfere with cell metabolism. However, at the concentrations it is 
used to measure pHi (<20iM), metabolism is said not to be affected (Salmond et 
al. 1984). 
The distribution of the probe across cell membranes can be assessed by 
loss of the probe from the suspending medium (i. e. flow dialysis; Ramos et al. 
1979) or from accumulation of probe by cells (Rottenberg 1979). However, 
Slonczewski et al. (1982) questioned the sensitivity of flow dialysis for detecting 
small changes in pHi. Therefore monitoring the accumulation of the probe by 
cells was the preferred method in this study. 
Both flow dialysis and accumulation of the probe by cells requires 
knowledge of the intracellular water space in order to calculate pHi. Stock et al. 
(1977) determined whole cell, periplasmic and cytoplasmic volumes from the 
distribution of radiolabelled solute in cell suspensions. The method relied on the 
ability of the inner (cytoplasmic) membrane to exclude sucrose and the outer 
membrane to exclude inulin, while water permeates the whole cell. The 
"excluded" space was calculated from the difference in the accumulation of the 
radiolabelled solutes by cells. The measurements carried out in the study 
reported here substituted hydroxymethylinulin (HMI) for inulin (Booth et al. 
1979). 
Cells can be separated from the supernatant by either filtration (Booth et 
al. 1979) or centrifugation (Kroll & Booth 1981). However, both techniques 
have disadvantages, e. g. the solutes may bind to the filter and complete removal 
of the supernatant from centrifuged cell pellets is a practical impossibility. 
Radiolabel that is trapped on filters or between cells results in an 
overestimation of the accumulation of the probe by cells. In the study reported 
here the centrifugation method was used. 
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Internal pH was determined with radiolabelled dioxymethyloxazolidine- 
dione (DMO) using the same method as for measuring intracellular volumes 
(section 2.17. and 2.19. ). The difference in the anion concentration inside and 
outside the cytoplasm gives a value for ApH (Eqn. 2.3., section 2.19.3. ). From a 
knowledge of pHo, pHi was then calculated (Eqn. 2.4., section 2.19.3. ). 
9.2. RESULTS 
9.2.1.31P-NMR as a method for determining internal pH 
A calibration curve of chemical shift (ppm) of inorganic phosphate was 
determined from resonance spectra of sterile SMM adjusted to different pH's 
using HCl or NaOH (Fig. 9.1. ). The calibration curve (Fig. 9.2. ) was not linear 
in accordance with previous reports (e. g. Moon & Richards 1973). 
Resonance spectra were collected, initially, at 37°C for samples of 
control cultures of E. co1i K 12 UB 1139 incubated in SMM for 2h. The resulting 
single broad peak had a chemical shift of 0.24 ppm which corresponded to a pik 
value of approximately 7.3 (Fig. 9.3a. ). A second spectrum was collected for the 
same sample at 21°C in case this allowed two peaks to be resolved. However, 
only one peak was observed which had a chemical shift of 0.18 ppm 
corresponding to pH 7 (Fig. 9.3b. ). 
9.2.2. Measurement of cell volumes 
Whole cell, cytoplasmic and periplasmic volumes of E. col iK 12 UB 1139 grown 
at pH 5 in the presence of sub-lethal concentrations of formic and propionic 
acids are given in Table 9.1. At. pH- 5 the average cell volume was 7.35 p1/mg 
dry weight of cells of which 36% comprised the periplasm. Analysis of variance 
found that whole cell and cytoplasmic volumes were not significantly affected 
(P>0.05) by incubation for 10min or 3h with formic (10mM) or propionic 
(5mM) acid. However, the volume of cells incubated for 3h with propionic acid 
had increased by 58%. This increase, was reflected in an increase in the 
periplasmic space while the cytoplasmic space decreased. 
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9.2.3. Effect of sub-lethal concentrations of acid on pHi 
The pH of the cytoplasm in E. coli K12 UB 1139 growing at pHo 5.44 was 
calculated as 8.08 (Table 9.2. ). Addition of 10mM formic acid lowered pHi to 
7.89 but after 3h incubation this had increased to 7.94. The internal pH of cells 
had decreased to pH 7.97 after 10 min incubation with 5mM propionic acid and 
after 3h incubation the pHi had risen to 8.25. 
9.3. DISCUSSION 
Neither 31P-NMR nor ion distribution across cell membranes proved to be 
satisfactory for measurement of internal pH. Consequently the results presented 
in Table 9.2. should be viewed with caution, particularly the 3h samples. The 
reasons for this conclusion are discussed below. 
The advantage of 
31P-NMR is that, as a non-invasive technique, it 
measures both pH and the relative amounts of phosphorus containing 
metabolites in the cell. However, even with a heavy inoculum (i. e. 4 times that 
used in all other experiments; see section 2.5. ) the spectrometer was unable to 
distinguish an internal and external phosphate peak. The biggest difference 
between pHi and pHo would be expected in controls. The results here suggest 
that an even higher inoculum would be needed before a clear reading would be 
obtained. As mentioned in the introduction of this chapter (section 9.1.2. ), such 
cell densities would affect both the aeration of cells and nutrient supplies which 
in turn may affect pHi. In addition the effect of organic acids, particularly at 
low concentrations, may be reduced. 
The second method used for the measurement of pHi, i. e. ion 
distribution across membranes, allowed the calculation of internal pH. However, 
some practical problems were encountered. In addition, the actual calculation of 
ApH involved making a number of assumptions in order to make the 
appropriate calculation. 
The practical problems centred on determination of cell volumes by the 
solute distribution method. For instance, the period of incubation of cultures 
with the labelled solutes affected the final result since their accumulation is 
relatively slow (in the region of minutes; Rottenberg 1979). Also, the length of 
time for which cultures were centrifuged in order to separate cells and 
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supernatant influenced the result, namely, the longer the spin, the lower the 
radioactivity in the cell pellets. The additional problem of ensuring that the 
supernatant was completely removed from the centrifuged cell pellet was 
mentioned in the introduction (section 9.1.3. ). In a number of replicate 
experiments, even when an incubation time of 10 min and centrifugation of 30 
sec was used (after Booth et al. 1979), there was no difference between the 
accumulation of sucrose (or HMI) and water into the cell pellet. Kroll & Booth 
(1981) repeated their experiments up to 44 times to derive a standard error 
value for cytoplasmic volume of ± 34%. Financial and time constraints 
prevented more than three replicate experiments being carried out here. The 
results presented in Table 9.1. were averages of two or three replicates with 
standard errors ranging from 10-30% (Table 9.1. ). 
The value of 7.35 pl/mg dry weight of cells for whole cell volume, and 
4.69 for cytoplasmic space is larger than that reported for other E. co1r K12 
strains. For instance, Booth et al. (1979) calculated that E. coli ML308-225 had a 
cytoplasmic volume of 1.03 10.31 p1/mg dry weight of cells. In the same paper 
it was reported that there was no significant pHo dependent change in the 
cytoplasmic volume (Booth et al. 1979). In another study, the cytoplasmic 
volume of E. coli K12 Frag 1 cells decreased from 1.27 p1/mg dry wt of cells in 
K+ replete condition, to 0.88 in K+ limiting . conditions (Kroll & Booth 1981). 
The cell volume data corroborated cell length and breadth measurements 
(section 5.2.3. ) in that there was no significant difference in cell size following 
incubation with sublethal concentrations of formic or propionic acid. In 
addition, cell volume measurements using ion distribution across cell membranes 
indicated that after 3h incubation with propionic acid (SmM), whole cell 
volume increased by half, which is consistent with culture turbidity 
measurements presented in section 4.2.1.. It was speculated that this size change 
resulted from the production of unusual fatty acids that interfered with 
membrane function. Therefore the results obtained for cultures incubated for 
3h with propionic acid should be treated cautiously since it cannot be assumed 
that sucrose and HMI are fully excluded by the inner and outer membrane 
respectively. 
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ApH is calculated from (Booth et al. 1979): 
[A" in] 
log x (1 + 10[pK-pHo]) _ (10[pK-pHo]) 
[A 
out] 
and pHi a pHo + 
OpH 
To calculate [A-in], the amount of probe accumulated by the cells is modified 
to take into account the cytoplasmic volume, the culture density at the time of 
sampling and the cytoplasmic pH. Herein lie the problems associated with this 
method, namely. 
1) the cytoplasmic volume is critical to the calculation, 
2) it is assumed that all the acid is dissociated inside the cell (yet dissociation is 
pH dependent and pHi is being determined) and 
3) it is assumed that the dissociation constant (Ka) for acids is the same inside 
the cell and in aqueous conditions. 
The practical problems of measuring cytoplasmic volume have already been 
discussed (section 9.1.3. ). Lagarde (1977) calculated pHi of an E. coli K12 strain 
at pH 5.7 to be 8.2. Therefore, this value was used to determine the proportion 
of anion in the cytoplasm (98%, see Eqn. 1.2. section 1.3.2. ) while assuming, 
again, that the dissociation constant was unchanged. 
Using this figure, and bearing in mind the assumptions made in the 
calculation of OpH, the pHi of E. co1i K12 UB1139 growing at p11 5.44 in SMM 
was 8.08. pHi dropped (to 7.89) with the addition of 10mM formic acid but 
showed some recovery (7.94; Table 9.2. ) after 3h as predicted in the hypothesis 
(chapter 6). Ten minutes after the addition of 5mM propionic acid pill had also 
dropped (to 7.97). However, after 3h incubation the pill of cells incubated with 
5mM propionic acid had apparently risen to 8.25. 
All of the methods currently available to measure pill have their 
disadvantages. More importantly, none could be satisfactorily applied to in vivo 
measurement of pHi during my experiments. Therefore, the results presented 
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here for the effect of formic (10mM) and propionic (5mM) on cytoplasmic pH 
should not be considered definitive. 
This chapter concludes the in vitro experiments carried out to determine 
the mode of action of short-chain organic acids. Although only three of the 
experiments suggested to corroborate the hypothesis described in chapter 6 were 
attempted, the 3 year limitation of a Ph. D. training programme prevented 
further experiments from being carried out. 
In the following chapter, in vivo studies on the activity of the 
commercially available chicken feed "disinfectant" Bio-add (BP [Chemicals] 
International), which contains a mixture of formic and propionic acids, are 
described. 
Fig. 9.1.31 P-NMR spectra for SMM adjusted to a range of plls with IICI or 
NaOH for the preparation of a calibration curve of chemical shift (ppm) versus 
pH. Sample preparation and resonance spectra accumulation was as described in 
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Fig. 9.2. Calibration curve of 31P-NMR chemical shift versus phi. 
Peak pH chemical shift (ppm) 
A 8.0 +0.56 
B 7.0 +0.17 
C 5.4 -0.07 












Fig. 9.3.31 P-NMR spectra.. for Escherichia coli K 12 UB 1139 growing at 
pH 5. Sample preparation and resonance spectra accumulation was as 
described in Methods (section 2.18. ). 
A) spectrwq collected at 37°C (chemical shift +0.24 ppm) 
B) spectnun collected at 2 1°C (chemical shift +0.18 ppm). 
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Table 9.1. Volume (p1 / mg dry weight of cells) of cellular compartments of 
Escherichia coli K12 UB1139 incubated with formic (10mM) or propionic 
(5mM) acid at pH 5. Volumes for the whole cell and the cytoplasm were 
determined by the distribution of radiolabelled solutes across cell membranes in 
two or three replicate experiments as described in Methods (section 2.17. ). The 
size of the periplasm was derived from the difference between whole cell 
volume and the volume of the cytoplasm. 
Treatment whole cell cytoplasm periplasm 
No acid 7.35 ± 0.56 4.69 ± 0.75 2.66 ± 0.26 
Formic acid: 
after 10min 6.28 ± 0.35 4.29 ± 1.11 2.02 ± 1.09 
after 3h 6.23 ± 1.49 3.73 ± 0.76 2.51 ± 0.73 
Propionic acid: 
after 10min 7.20 ± 1.13 4.28 ± 0.41 2.92 ± 0.87 
after 3h 11.41 ± 4.24 2.73 ± 0.82 8.69 ± 3.42 
Table 9.2. Internal pH of Escherichia soli K12 UB1139 incubated with formic 
(10mM) or propionic (5mM) acid at pH 5.44. ApH was determined from three 
replicate experiments as described in Methods (section 2.19., Eqn. 2.3. ). pUll was 
calculated from a knowledge of OpH (Eqn. 2.4., section 2.19.3. ). 
Treatment pHi 
No acid 8.08 t 0.02 
Formic acid: 
after 10min 7.89 ± 0.05 
after 3h 7.94 ± 0.03 
Propionic acid: 
after 10min 7.97 t 0.04 
after 3h 8.25 1 0.09 
CHAPTER 10 
IN VIVO ACTIVITY OF BIO-ADD 
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10.1. INTRODUCTION 
BP (Chemicals) International market a product (Bio-add) which can be used to 
"disinfect" chicken feed. Bio-add, which contains 68% formic acid and 20ß6 
propionic acid, controls salmonella infections in chicks reared on a diet of the 
treated food (Hinton & Linton 1988). The success of organic acids mixed into 
feed to prevent salmonella infections in the field has been reported by 
Humphrey & Lanning (1988). In their study, laying birds were fed meal treated 
with formic acid (0.5ß6). The incidence of infection in newly hatched chicks was 
reduced although when these birds were subsequently fed untreated food, they 
became colonised by salmonellas. 
This chapter describes experiments carried out at the Department of 
Veterinary Medicine of Bristol University to investigate the factors influencing 
the activity of Bio-add against salmonellas in poultry feed and its subsequent 
success in controlling salmonella infections in chicks fed the treated diet. 
A spontaneous nalidixic acid-resistant mutant of the non-invasive strain 
Salmonella kedougou was used as the marker organism for the in vivo 
experiments. Bacteria were added to feed using a two stage process. Overnight 
cultures of S. kedougou grown in brain heart infusion broth were mixed with 
desiccated coconut. The contaminated coconut was then efficiently dispersed in 
up to 12.5 Kg poultry feed using a concrete mixer (Hinton 1986). The acid and 
control solutions were added at this point as appropriate using a garden spray 
(Hinton 1986). 
One experiment is described in which the ability of Bio-add to prevent 
salmonella infections in chicks was investigated. Groups of chicks were kept in 
cardboard boxes containing water and feed troughs to which they had unlimited 
access. Control groups were strictly separated from those receiving Bio-add- 
treated feed. Since S. kedougou is non-invasive for poultry, swabs of the caecal 
contents were cultured in order to determine the survival of the marked strain 
in birds fed the artificially contaminated feed. 
85 
10.2. RESULTS 
10.2.1. Effect of Bio-add on the survival of Salmonella kedougou 
in poultry mash. 
The effect of increasing Bio-add concentration and incubation time on the 
survival of S. kedougou in dry feed is given in Table 10.1.. The numbers of 
S. kedougou in untreated poultry feed remained approximately the same over a 
seven day period while they decreased with increasing concentration of acid and 
increasing time of exposure. 
10.2.2. Effect of incorporating Bio-add in feed on salmonella 
numbers in chicks 
S. kedougou was isolated from dry, untreated feed after one and two weeks 
storage at ambient temperature (Table 10.2. ). The addition of up to 0.66% Bio- 
add to feed did not reduce the number of samples positive for S. kedougou. 
However, birds fed the treated meal did not become colonised with the marked 
strain in their caeca while all control birds were positive for S. kedougou. I 
10.2.3. Effect of hydration and temperature on the activity of 
Rio-add in feed 
The effect of two different incubation temperatures on survival of S, kedougou 
in feed was investigated in parallel experiments (Fig. 10.1. ). Cell numbers in dry 
feed at 21°C were reduced by one log after 24h. A slightly higher reduction in 
viable cells was observed in mash containing 17% water. An increase in water 
content above 29% was associated with a progressive increase in the number of 
viable cells. A similar pattern of cell survival in hydrated, untreated feed was 
observed when the incubation temperature had been raised to 370C (Fig. 10.1. ). 
The incorporation of 0.68% Bio-add into dry feed caused a2 log drop in 
cell numbers after 24h at 21°C and prevented the growth of bacteria following 
hydration of the treated feed (Fig. 10.1. ). When Bio-add treated feed was 
incubated at 37°C for 24h, cell numbers were, reduced by 4 logg and following 
hydration of the feed, no cells were recovered (Fig. 10.1. ). 
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10.3. DISCUSSION 
A log reduction in the numbers of S. kedougou that had been inoculated into dry 
feed 24h previously was consistently observed in these experiments. The 
surviving cells remained viable in the dry feed for two weeks and, if the mash 
had a water content of at least 29%, the cells could multiply. With a plentiful 
supply of water and favourable temperatures, cell numbers could reach over 107 
per gram within 24h. These results correspond well with those reported by 
Carlson & Snoeyenbos (1970) for Salmonella typhimurium cultured in meat and 
bone meal, poultry by-product meal, poultry mash and feather meal. Salmonella 
typhimurium survived in these meals for 21 days at 37°C (Carlson & Snoeyenbos 
1970). 
The addition of Bio-add at concentrations >_ 1% (w/w) was most 
effective at reducing the S. kedougou population in dry feed. However, high 
concentrations of acids reduce the palatability of the feed for birds such that 
feed intake is reduced. Cave (1984) found that intake of feed by chicks was 
reduced by the addition of 1% propionic acid and the reduction increased 
significantly with increasing acid concentration. 
The inability of chemical additives below 1% to reduce bacterial 
numbers in feed has been reported by Westerfield et al. (1970) and Duncan & 
Adams (1972). However, although S. kedougou was isolated from feed treated 
with up to 0.66% Bio-add, none were culturable from caecal contents of two 
week old chicks reared on the treated diets (Table 10.2. ). This suggests that cell 
death occurred after the food was ingested, probably during the time it was held 
in the crop. 
Hydration of feed and higher temperatures (above 210C) increasedcell 
growth in untreated feed, and cell death in feed to which Bio-add had been 
added (Table 10.3. ). Thus bacterial contamination in feed should not increase 
provided it is kept dry and cool. Bio-add appears to be useful in controlling 
bacterial growth in feed to which water has come into contact e. g. because of 
poor storage or from splashings from water troughs in rearing houses. Inhibition 
of cell multiplication in the feed is probably carried over into the birds' crops 
where the added stress of low pH (Cox et al. 1972) causes cell death. 
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Hydration may enhance the success of Bio-add as a bacteriocidal agent 
in feed by increasing the probability that cell and acid come into contact. In 
addition, it may be necessary for cells to be metabolically active for the acids to 
exert their effect. Therefore, the results of the in vitro experiments described in 
previous chapters could be directly related to the in vivo situation, i. e. the 
combined effect of organic acid on pH homeostasis (and related functions) and 
cellular metabolism inhibits cell growth. However, interference of acid activity 
by organic matter in the feed means that acid concentration needs to be higher 
in vivo relative to in vitro experiments to achieve a similar effect. This is 
somewhat counteracted by the ability of mixtures of acids, such as the 
combinations found in commercial additives, to act synergistically (preliminary 
results, personal communication, M Hinton 1989). Formic acid is used in the 
greatest proportion in Bio-add probably because it is a better proton donor than 
propionic acid. It is therefore more able to reduce pH in the hydrated 
microenvironment of the feed, as well as the pHi of cells with which it comes 
into contact. 
Table 10.1. The effect of incorporation of Bio-add on the n! Mler o4Salmonella 
kedougou in poultry mash (log viable cells per gram). Ir three replicate 
experiments, poultry meal was inoculated with 1.3 x 10 S. kedougou per g and 
incubated without aeration at ambient temperature (section 2.20. ). 
Bio-add Days after inoculation 
conc. 
(% W/ W) 137 
0.0 4.93 4.50 5.02 
0.25 4.62 4.60 4.11 
0.5 4.35 4.21 4.17 
1.0 3.30 2.73 1.38 
1.5 1.53 1.76 1.00 
Table 10.2. Isolation of Salmonella kedougou from feed treated with Bio-add 
and from caecal contents of two week old chicks subsequently fed the treated 
diet (sections 2.20. and 2.21. ). The mash contained 27 bacteria per g and was 
stored at ambient temperature. 
Bio-add Isolations from feed Isolations from 
conc. (weeks) chick caecal 
(% w/w) 12 contents 
0 5/6 6/6 36/36 
0.22 6/6 6/6 0/36 
0.44 6/6 5/6 0/36 
0.66 5/6 6/6 0/36 
numerator - number of samples positive of S. kedougou 
denominator= number of samples tested 
I 
Fig. 10.1. The influence of water content on the activity of ßio-add against 
Salmonella kedougou in poultry feed. Two replicate experiments were performed 
as described in Methods (section 2.20. ). 
MR = maximum possible reduction in cell numbers 
control 210C " 0.68% Bio-add 21äC 
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11.1. GENERAL DISCUSSION 
The precise sequence of inhibitory events that occur in log phase cultures of 
Escherichia coli following the addition of formic or propionic acid at pH 5 
cannot be determined from the results obtained during this study. However, in 
the short term (10 min) a sub-lethal concentration of propionic (SmM) or 
formic (10mM) acid halted cell multiplication, lowered internal pH (pHi) and 
inhibited macromolecular (RNA, DNA, protein, cell wall and lipid) synthesis. 
In the long term (3h), pHi increased at the expense of ATP levels while cell 
multiplication resumed. Although the rates of macromolecular synthesis in 
propionic acid-treated cultures did not improve, rates of RNA, lipid, cell wall 
and protein synthesis in formic acid treated cultures showed some recovery. The 
degree of inhibition of specific cell activities was a Fknctioh of the acid 
concentration in that inhibition increased as acid concentration increased. 
DNA synthesis was identified as the macromolecular synthetic function 
most sensitive to sublethal concentrations of formic and propionic acids 
(chapters 4 and 5). With this knowledge, and from published information on the 
effects of organic acids on bacteria, a hypothesis for the mode of action of 
short-chain organic acids against Gram-negative bacteria was proposed (chapter 
6). In summary, the hypothesis stated that the undissociated acid diffuses into 
the cell and dissociates into proton and anion according to the intracellular pHI. 
Both components exert an inhibitory effect. The proton acidifies the cytoplasm, 
placing strain on the pH homeostatic and related functions (e. g. substrate 
transport and ATP synthesis) and affecting enzyme activity and protein 
conformation. Simultaneously, the anion interacts with DNA, interfering with 
DNA replication and gene expression. 
In subsequent chapters, results of experiments were described which 
confirmed some of the predictions anticipated by the hypothesis, namely: 
1) unbound propionic acid anion was available inside, the cell to interact with 
DNA (chapter 7). 
2) the ATP content of acid treated cells decreased, probably because cells 
attempted to maintain pH homeostasis (chapter 8) and 
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3) pHi dropped and later recovered following the addition of 10mM formic or 
5mM propionic acid (section 9.2.3.; although, these results are preliminary 
findings and should be considered with caution). 
The drop in pHi resulting from the excess protons is probably the most 
important effect since the cell must immediately direct a greater proportion of 
its activity to maintaining pH homeostasis. This extra energy was probably 
derived from increased hydrolysis of ATP. Indeed, ATP levels in acid treated 
cells decreased substantially (chapter 8). However, although macromolecular 
synthesis may be inhibited by acid pHi it is also conceivable that cells 
"deliberately" reduce the rates of synthesis to provide more "disposable" ATP in 
order to maintain pHi. 
Inhibition of DNA synthesis is likely to be a secondary effect of organic 
acids, probably mediated by the acid anion. Although E. coll and salmonellas 
possess enzymes for the metabolism of propionic acid, a proportion (up to 50%) 
of the dissociated acid was always "free" within the cell (chapter 7) and capable 
of causing the proposed inhibition of DNA synthesis. It is interesting that cell 
multiplication in cultures incubated with 10mM formic acid resumes after 2h 
while rates of synthesis of RNA, protein, lipid and cell wall peptidoglycan 
increased at different times between 2 and 3h incubation (chapter 4). Each 
synthetic function recovered to different rates and none wcxs equivalent to 
control rates by the end of the experiment. Similarly, pHi showed some 
recovery after 3h (chapter 9). However, DNA synthesis showed no recovery 
(chapters 4 and 5). The observed divergence from balanced growth may be a 
result of the preferential inhibition of the synthesis of DNA. In addition, gene 
transcription could be hindered if the integrity of the DNA molecule wett 
disturbed. 
In the presence of up to 50mM formic or propionic acids, DNA does 
not sustain damage that requires SOS (recombination) repair, excision repair or 
DNA polymerase activity (chapter 5). It can be proposed, therefore, that the 
anion affects the topology and supercoiled state of the DNA helix, possibly by 
interacting with ion-charges of the DNA molecule. Precedence for this 
suggestion comes from studies by Higgins et al. (1988) who showed that K+ 
mediated osmotic stress affected DNA supercoiling and subsequent expression 
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of osmotic-shock genes in E. coli. The proposal that simple ions may influence 
DNA is radical but not inconceivable considering the complex chemical 
reactions that occur in a metabolising cell. Indeed, some enzymes have an 
absolute requirement for specific metal ion cofactors e. g. Cut+, Fe2+ and Fe3+ 
for cytochrome oxidase, Mg2+ for ATPase, Zn2+ for DNA polymerase. In 
addition, a specific inhibitory effect by the acid anion would also explain the 
reported differences in activity of various types of organic acids with similar 
pK values, e. g. 
1) sorbic acid (pK 4.80) is more active than propionic acid (pK 4.87), 
2) propionic acid is more active than acetic acid (pK 4.76), 
3) cinnamic acid (pK 4.44) is more active than benzoic acid (pK 4.20) 
4) lactic acid (pK 3.1) is more active than citric acid (pK 3.1; Sheu et al. 1975; 
Salmond et al. 1984; M. Hinton, personal communication). The difference in 
activity could be related to the ability of the anions to disrupt DNA 
conformation. Anion structure i. e. whether the carbon skeleton is branched, 
saturated or phenolic, could influence activity. 
As the concentration of organic acid increases, the effect of excess 
protons on cell survival assumes greater significance, since, if the cell is unable 
to metabolise per se, a secondary inhibition of cell multiplication is of no 
practical consequence. In vitro studies showed that metabolic stasis at p11 5 was 
produced by 50mM concentrations of formic and propionic acids (chapters 3 
and 4). At this acid concentration it is assumed that the proton motive force is 
dissipated and pHi equals pHo i. e. pH S. Increasing the concentration of acid 
further shortens the period before onset of cell death (chapter 3). Since the 
medium remains buffered at pH 5, this would suggest that the acid molecule 
and not acid pH per se, is the lethal agent. However, in the absence of organic 
acids, Bacillus acidocaldarius cells held at pH 4 rapidly die (Guffanti et a!. 
1979). Cell death (or the inability to resuscitate cells on culture medium) 
probably results from irreversible denaturation of proteins. However, at acid pi l 
and high (>50mM) organic acid concentrations, other unrecognised chemical 
reactions may be responsible for killing the cell. 
In addition to describing an hypothesis for the mode of action of short- 
chain organic acids against bacteria, chapter 6 included suggestions for a 
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number of experiments to corroborate the hypothesis. Basic experiments 
included comparing the effect of organic acids on pHi and macromolecular 
synthesis to that of equivalent concentrations of mineral acids and organic acid 
salts. This would confirm whether the organic acid anion specifically inhibits 
DNA synthesis. However, neither mineral acids narorganic acid salts are ideal 
controls, since it. would have to be assumed that they accumulate and dissociate 
inside cells in the same way as organic acids, and there is no evidence to 
suggest that this would be the case. 
A number of other suggestions for further in vitro studies were 
described in Chapter 6. Arguably the most interesting would be an investigation 
of the effect of pH and organic acids on DNA supercoiling. It is predicted here 
that these factors will significantly affect supercoiling and expression of "shock" 
proteins since this has been reported for other environmental factors such as 
aeration, osmotic stress, nutritional limitation and heat shock (Yamamoto & 
Droffner 1985; Blake & Gralla 1987; Higgins et al. 1988; Ueshima et a!. 1989). 
Indeed, a number of studies have reported the effect of pH on gene expression 
e. g. 
1) Heyde & Portalier (1987) found that production of outer membrane proteins 
(omp) was pH dependent and that control was exerted at the transcriptional 
(ompC and ompF) and post-transcriptional (ompF) level; 
2) Slonczewski et al. (1987) reported E. coli genes induced specifically by 
internal but not external acidification. 
A further experiment was suggested in which the chemical nigericin would be 
used to dissipate ApH. By manipulating the pH of the medium, the p1! of the 
cell cytoplasm can be controlled. This would allow the study of cellular 
functions at various pH's. Surprisingly, such information has yet to be reported. 
Bio-add, the chicken feed "disinfectant" marketed by BP (Chemicals) 
International, contains a mixture of formic and propionic acids. The 
antimicrobial activity of each acids was investigated separately in vitro in case 
they had different modes of action. However, the effect of formic and 
propionic acids were remarkably similar. The only observed difference was that 
cells incubated with 5mM propionic acid had increased in size by 58% after 3h 
(chapter 9). It was predicted that the unusual lipids resulting from propionate 
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metabolism (Ingram 1977) integrate into the ordered phospholipid membrane 
structure altering the selectivity of the outer membrane as a permeability 
barrier (chapters 4 and 9). Indeed, the cytoplasmic space of propionic acid- 
treated cells had decreased after 3h incubation as if subjected to osmotic stress 
resulting from increased ion concentration in the periplasm (chapter 9). 
In vitro experimental conditions did not mimic the in vivo conditions 
however. For instance 1) the growth medium contained minimal organic 
material and sufficient water to permit growth and 2) growth medium and acid 
solutions were buffered to pH 5. However, in vivo studies demonstrated that 
Bio-add activity was greatest in hydrated feed when there would also be active 
cell growth (chapter 10). Indeed, hydrated feed can be considered a rich culture 
medium in which bacterial growth follows the classically recognised dynamics 
of a batch culture, namely, lag phase, log phase and stationary phase. As with 
in vitro studies, the length of each phase is dictated by the initial inoculum and 
environmental factors such as nutrient supplies, temperature, aeration, pH and 
the presence of inhibitors. Therefore a correlation can be drawn between events 
observed in vitro and the in vivo situation. Bio-add contains approximately 68% 
formic and 20% propionic acid. A concentration of 0.68% (w/w) Bio-add is 
approximately equivalent to 128mM formic and 84mM propionic acid. In vitro, 
acids of these concentrations would acidify the cytoplasm, severely restrict 
macromolecular synthesis and inhibit cell multiplication. It is proposed that 
these stresses in vivo limit cell numbers in feed and predispose bacteria to die in 
the crop (pH 2-3, Cox et al. 1972) of birds. 
If the analogy to batch cultures is extended, the onset of stationary 
phase in feed occurs when the supply of an essential nutrient is exhausted or a 
toxic metabolic product has accumulated. It is tempting to speculate that 
fermentation products of E. coll and salmonella metabolism, such as formic, 
propionic or lactic acids, are the toxic products in question. Fay & Farias (1975) 
found that stationary phase cells were more susceptible to fatty acids than log 
phase cells. Indeed, preliminary results carried out in the course of this project 
found cultures of E. coli K12 3300 (pI3R322) to be increasingly sensitive to 
formic acid as their growth moved from log phase into stationary phase (data 
not presented). The concentration of acids could be determined by analysing 
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culture extracts for short-chain organic acids by high-performance liquid 
chromatography (e. g. Guerrant et al. 1982). 
Bio-add does not substantially reduce the bacterial population of dry 
feed (chapter 10). Hydrating the feed therefore increases the probability of the 
acid molecule and the cell coming into contact. If the water content is too high, 
however, the acid may be diluted below an effective inhibitory concentration. It 
is possible that organic acids, which are volatile chemicals and readily vapouri: E 
in air, attack cells in the gaseous form. Duncan & Adams (1972) reported that 
fumigation of feed with formaldehyde gas for 5min and continuous mixing 
eliminated salmonella in 9.1 kg of feed. However, there have been no reports 
on the ability of acid vapour to inhibit bacterial growth either in vitro or in 
vivo. 
Dry feed probably does not support bacterial growth because 
microorganisms require chemically unbound water for growth, although cells 
survive in dry feed at ambient temperatures (Carlson & Snoeyenbos 1970; M. 
Hinton, personal communications). The amount of available water (water 
activity, aw) is defined as the relative humidity of an atmosphere with which a 
product is in equilibrium (Scott 1958). Most bacteria grow best at aw values of 
0.95 to 0.99 (Brock et al. 1984). Poultry mash with a low moisture content (15- 
20% water content, aw 0.805-0.87) is in itself inhibitory to cells (Carlson & 
Snoeyenbos 1970; Meyer et al. 1981; chapter 10). This is probably related to 
disruption of membrane integrity due to phase transition of membrane lipids in 
response to destccation/rehydration (C. Cox, personal communication). 
Phospholipid bilayers (as found in bacterial cytoplasmic membranes) are 
inherently unstable because the bonding is ionic rather than covalent, and 
because of the low activation energy required to interchange forms. These 
changes bring membrane proteins into proximity and allows an amino-carbonyl 
(Maillavd) reaction to take place (Ledl et a!. 1986). The interaction between 
membrane proteins further destabilises the integrity of the membrane and leads 
to cell death. As well as aw, the phase transition of the lipids is influenced by 
temperature, pH, cations and additives (Harwood & Russell 1984). The activity 
of Bio-add was also greatest when feed was hydrated (chapter 10) indicating a 
synergistic activity. This is in agreement with a report by Meyer et al. (1981) 
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who found that the addition of acetate affected survival of Salmonella 
typhimurium more dramatically as aw approached the minimum growth limit. 
Cells can survive in dry feed for at least three weeks (Carlson & 
Snoeyenbos 1970) and are capable of subsequently producing infection in chicks 
fed the contaminated diet (Hinton 1988; Hinton & Linton 1988; section 10.2.2. ). 
In response to public concern over the rising number of food poisoning 
incidents associated with eating poultry products, codes of practice for the 
control of salmonellas in livestock feed were introduced in 1989. The codes, 
which are aimed at premises producing up to and over 10,000 tonnes of feed 
per annum, offer guide-lines for. 
1) the use and handling of raw materials, 
2) manufacture of final feedingstuffs 
3) monitoring for the presence of salmonellas 
4) personnel training and hygiene 
5) construction, maintenance and hygiene of buildings 
6) inspection and sanitising of transporting vehicles. 
As few as 10 salmonella cells per 100g feed can produce infection in 
chicks (Hinton 1988). This poses problems for the testing of feed for salmonella 
as required by the schedule to the Processed Animal Protein Order (1989), 
namely, what is a reasonable limit to set for the number of viable cells in feed? 
There is also the attendant problem of deciding on the number and size of the 
representative samplings of the tonnes of imported feed, as well as those 
produced nationally. 
Although the addition of organic acids to feed reduces the incidence of 
infection in birds reared on treated feed (Hinton & Linton 1988) and in newly 
hatched chicks after laying hens were fed the diet (Humphrey & Lanning 1988) 
the use of chemical additives to "disinfect" feed is not a recommended measure 
in the codes of practice. Humphrey & Lanning (1988) highlighted the need for 
continual use of acid-treated feed since chicks readily acquired salmonellaswhen 
subsequently fed untreated feed. Similarly, since cross-contamination in 
slaughter houses is common, it would be important for the additives to be used 
universally in feed for layer and breeder flocks as well as for broilers intended 
for human consumption. However, this would raise the costs of rearing birds 
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and consequently reduce the profit margin of the end product, be it eggs or 
carcasses. It is unrealistic to believe that the measure will be taken on by the 
whole of the industry unless it became a legal requirement. 
There is scope for organic acids to be used as feed additives in other 
areas of animal husbandry e. g. rearing of calves and pigs. Factors affecting acid 
activity in poultry mash would still apply, i. e. inhibition by organic material, 
dilution of acid, temperature, holding time. However, since it is unlikely that 
acid-treated feed will prevent animals becoming infected from other sources, 
e. g. water or the environment, a range of other measures are needed to decrease 
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An example of the calculation of macromolecular synthesis, Eqn. 2.1., section 
2.12.7.. Figures represent mean values obtained from triplicate experiments in 
which the incorporation of radiolabelled thymine into DNA in the presence and 
absence of 10mM propionic acid was determined. 
Transformation of control to unit scale: 
cpm/ml at addition of control solution = 1927 
cpm/ml after 240min incubation with control = 31973 
actual increase in cpm/ml after 240min = 30046 
therefore, to transform to 0-100 unit scale x (100/30046) 
e. g. 
cpm/ml at addition of 10mM propionic acid " 2868 
cpm/ml after 240min incubation - 6890 
actual increase in cpm/ml after 240min = 4022 
to transform to unit scale: 4022 x (100/30046) - 13.4 
Calculation of the rate of DNA synthesis in the presence of IOmAf proplonic 
acid: 
unit counts at T1 - unit counts at To 
T1 - To 





An example of the calculation of internal (cytoplasmic) pH, Eqn. 2.3. and 2.4., 
section 2.19.3. Figures represent a single replicate of an experiment to 
determine the distribution of radiolabelled DMO across cell membranes in 
cultures incubated with 10mM formic acid for 10min. 
pHi=pHo+ApH 
where pHo = 5.41 
and A pH = log ( [(Ain /A out)(l + 
IOpK-pHO)] - (10pK-pHo) ) 
and DM0 = pK 6.32 
and cytoplasmic volume 4.29 p1/mg dry weight of cells per ml 
(see Eqn. 2.2., section 2.17.3) 
To solve for A-in: 
A iný(CpxD)/V 
where C= cpm of cell pellet 
Dp = proportion of dissociated DMO at p1li (8.2, section 2.19.3.; see 
Eqn. 1.3., section 1.3.2. ) 
V= (cytoplasmic volume) x (O. D. 650nm / 2) 
e. g. Cp = 397 
D (H+] 6.3 x 10-9 
a1.. 
6.3xI0'9+4.8x10'7 [H+] + [Ka DM0] 
V=4.29 x (0.285/2) = 0.61 
therefore A"in = (397 x 0.99) / 0.61 = 644 
continued over: 
ý; ..., ,, , ýsý.... , 
114 
To solve for A"out' 
A out=(CsxD)/ V 
where Cs - cpm of supernatant 
D= proportion of dissociated DMO at pHo (5.41) 
V= volume of supernatant (pl) 




[H+] + [Ka DMO] 
I- 
therefore A-out = (5436 x 0.11) / 25- 24 
To solve for EvH: 
log ( [(644 / 24)(1 + 8.128)] - (8.128) ) 
= log { 237 }=2.37 
To solve for oHLL 
pH + pH =5.41 +2.37=7.78 
wa Ct 
3.9 x I0"6 
3.9x10-6+4.8x10-7 
MEDICAL 
